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Abstract 
The halide-bridged cyclopalladated complexes [Pd2(µ-X)2(κ2-2-C6F4PPh2)2] (X = Cl, Br) 
were prepared in high yields from the reaction of equimolar amounts of 2-Me3SnC6F4PPh2 
and [PdX2(cod)] (cod = 1,5-cyclooctadiene). These complexes are not thermodynamically 
stable and slowly dimerise in solution over several days to give tetranuclear [Pd4(µ-X)4(µ-
2-C6F4PPh2)4] in which the four 2-C6F4PPh2 groups bridge two pairs of palladium atoms. 
Attempts to prepare protio analogues of the dinuclear complexes by treating [PdX2(cod)] 
(X = Cl, Br) with 2-Me3SnC6H4PPh2 gave [Pd4(µ-X)4(µ-2-C6H4PPh2)4] as the only isolable 
product. 
 
Anation of [Pd2(µ-X)2(κ2-2-C6F4PPh2)2] with the appropriate alkali metal or silver salt 
gave the corresponding iodo-, acetato-, benzoato- and thiocyanato-complexes which are 
also unstable with respect to ring-opening reactions. For example, heating a solution of 
[Pd2(µ-SCN)2(κ2-2-C6F4PPh2)2] gave [Pd4(µ-SCN)4(κ2-2-C6F4PPh2)2(µ-2-C6F4PPh2)2] in 
which only two of the four chelate rings are opened, and solutions of [Pd2(µ-OAc)2(κ2-2-
C6F4PPh2)2] rearranged to give [Pd2(µ-OAc)2(µ-2-C6F4PPh2)2]. The halide bridges in 
[Pd2(µ-X)2(κ2-2-C6F4PPh2)2] (X = Cl, Br) are cleaved by acetone and THF with retention 
of the chelate rings to give species tentatively identified as [PdX(solvent)(κ2-2-C6F4PPh2)]; 
evaporation of the solvent in vacuo regenerated the original dimers. In contrast, irreversible 
ring opening occurs in acetonitrile, the products being [Pd2X2(NCMe)2(µ-2-C6F4PPh2)2]. 
 
Reaction of [Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] with [Na(acac)] gives initially monomeric 
[Pd(acac)(κ2-2-C6F4PPh2)], which dimerises by chelate ring-opening in 
dichloromethane/methanol to [Pd2(acac)2(µ-2-C6F4PPh2)2]. The tertiary phosphines L react 
with [Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] to give monomeric complexes [PdBr(κ2-2-C6F4PPh2)L] 
(L = PPh3, PPh2Fc); both these and the derived iodo-complexes exist as cis/trans isomers 
in solution (predominantly trans in non-polar solvents, predominantly cis in acetonitrile). 
 
The reduction of many of these 2-C6F4PPh2 compounds has been studied by cyclic 
voltammetry and rotating disk electrochemical techniques in dichloromethane and 
acetonitrile. The results indicate that, in the first step, one electron is added to each metal 
atom to generate a transient palladium(I) species. Corresponding 2-C6H4PPh2 complexes 
VI 
are reduced at higher potentials (by ca. 0.4 V) and the course of the reduction could not be 
defined. However, attempts to detect the known dipalladium(I) complex [Pd2(µ-2-
C6F4PPh2)2(PPh3)2] by controlled potential reduction of [PdBr(κ2-2-C6F4PPh2)(PPh3)] 
failed, possibly due to over-reduction. Ill defined products with complex 31P NMR spectra 
were obtained, these possibly being palladium(0) clusters. Cyclic voltammetry of [PdX(κ2-
2-C6F4PPh2)(PPh2Fc)] (X = Br, I) led initially to the mono-cation which rapidly released 
[PPh2Fc]+ by cleavage of the Pd−P bond. The voltammetric behaviour of [PPh2Fc]+ is 
considerably more complex than that of ferrocenium and probably involves oxidation at 
the phosphorus centre but the species generated have not been completely characterised. 
 
The catalytic properties of selected 2-C6F4PPh2 complexes have been investigated for 
Sonogashira, Heck and Suzuki reactions with moderate yields obtained for aryl iodide 
substrates. 
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Chapter 1                                                                                      
Introduction and Literature Review 
 
1.1 General introduction to palladium chemistry 
Palladium (atomic number 46) was first isolated by the English chemist William Hyde 
Wollaston in 1803. In this pioneering work, Wollaston dissolved crude platinum ores in 
aqua regia, neutralised the solution with sodium hydroxide and precipitated the platinum as 
ammonium hexachloroplatinate. To the mother liquor he added mercuric cyanide to give a 
dirty yellow/olive precipitate. Heating this solid released a new metal, which he named 
palladium, after the recently discovered asteroid Pallas (Athena), the Greek goddess of 
wisdom. Later, in 1804, Wollaston isolated salts of rhodium from the red solutions 
remaining after precipitation of palladium. In recognition of his achievements, the 
Wollaston Medal (which was originally made from palladium), first awarded in 1832, is a 
scientific award for geology, granted by the Geological Society of London. 
 
Palladium rarely occurs in nature as the free metal, although it is sometimes found alloyed 
with gold and the other platinum metals (platinum, rhodium, ruthenium and osmium), but 
is generally obtained in trace amounts from the refining of nickel-copper ores. Palladium is 
almost always found in association with platinum and the chemistry of these two elements 
is similar, but, there are some differences. For example, palladium complexes are generally 
more labile than their platinum counterparts. Many of the world’s deposits of palladium-
containing ore are located in the Russian Federation and South Africa, with lesser amounts 
located in North America and Canada. 
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Palladium has found use in dentistry, jewellery, electronics and medicine; 103Pd, a 
radioactive isotope of palladium (half-life 17 days), has been used in the treatment of 
prostate and breast cancer. The main uses, however, are in the catalytic and automotive 
industries. Despite its rarity, the metal and its compounds have become of increasing 
industrial importance, being used in oil refining and in catalytic converters.  Palladium 
metal is an excellent hydrogen sponge, and can absorb up to 900 times its own volume of 
the gas at room temperature and atmospheric pressure. It is this ability that has led to its 
use for the purification of hydrogen, and in hydrogenation reactions. Owing to the lability 
of coordinated ligands, salts of palladium have also been extensively used in laboratory-
scale catalytic reactions, particularly for the formation of carbon-carbon bonds (see Section 
1.5). Complexes of palladium have become standard reagents in organic chemistry,  for 
example, the Hoechst-Wacker reaction and C-C coupling reactions associated with the 
names of Heck, Suzuki, and Negishi, who where jointly awarded the Nobel Prize for 
chemistry in 2010. 
 
The first reported organometallic compound was a platinum(II)-ethylene complex, 
K[PtCl3(CH2=CH2)]·H2O, commonly referred to as Zeise’s salt, which was synthesised 
from ethanolic solutions of platinum(II) and platinum(IV) chloride and potassium 
chloride.1 Among the first reports of an organopalladium species containing a metal-carbon 
bond was that of Smidt et al. in the 1950’s, who were investigating the palladium-catalysed 
oxidation of ethylene to acetaldehyde (Hoechst-Wacker process).2 Smidt proposed that the 
reaction proceeded by nucleophilic attack of HO¯  on a palladium-ethylene complex, 
generating in situ a [Pd-CH2CH2OH] species, which underwent β-hydride elimination to 
give, finally, acetaldehyde. In 1965, Cope et al.3 reported the preparation of a stable 
organopalladium complex derived by cyclometallation of azobenzene by potassium 
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tetrachloropalladate (see Section 1.4.1.1); this work was later extended to substituted N,N-
dimethylbenzylamines.4 This pioneering work opened up the field of organopalladium 
chemistry, and its application to organic synthesis for which a number of reviews are 
available.5 
 
1.2 Oxidation states of palladium 
Like platinum, the chemistry of palladium-containing compounds is dominated by three 
oxidation states: 0, +2 and +4. Complexes in the +1 and +3 oxidation states are also 
known, as are mixed valent compounds. 
  
Zero valent 4d10 complexes of palladium generally contain tertiary phosphine donor 
ligands, and are often prepared by reduction of an appropriate palladium(II) complex. For 
example, the tetrahedrally coordinated [Pd(PPh3)4] (18 electron) complex6 has been 
prepared by the hydrazine reduction of [PdCl2(PPh3)2] in the presence of two equivalents 
of triphenylphosphine. Three- and two-coordinate tertiary phosphine complexes of 
palladium exhibiting trigonal planar (16 electron) and distorted linear (14 electron) 
geometries, respectively, have also been prepared, e.g. [Pd(PPh3)3]7 and [Pd(PCy3)2],8 
respectively. The ability to form these coordinatively unsaturated complexes strongly 
depends on the steric bulk (cone angle) and basicity of the phosphine ligands.9 Phosphine-
free zerovalent complexes of palladium are also known, for example, [Pd(AsPh3)4], and the 
dibenzylidineacetone complex [Pd(dba)2]. A number of dinuclear Pd(0) complexes 
containing bridging ligands have also been characterised, examples include [Pd2(dcpe)2],10 
[Pd2(dppm)3]11 and [Pd2(dba)3].12 It should be noted that palladium, like platinum, does not 
form any simple carbonyl complexes analogous to [Ni(CO)4], but more stable mixed 
phosphine-carbonyl complexes are known, e.g. [Pd(CO)(PPh3)3].12 Zero valent cluster 
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compounds have also been reported, such as [Pd3(CNCy)6]9 which contains a triangle of 
Pd(0) atoms. An enormous number of palladium(0) carbonyl-phosphine clusters of varying 
nuclearity with the general formula [Pdn(CO)x(PR3)y] are known, in which n can take 
values from 3 to 145; examples are, [Pd4(CO)6(PnBu3)4], [Pd6(CO)4(PMe3)7], 
[Pd7(CO)7(PMe3)7], [Pd4(CO)5(PPh3)4], [Pd10(CO)12(PEt3)6], [Pd23(CO)20(PEt3)n] (n = 8, 
10), [Pd38(CO)28(PEt3)12] and [Pd145(CO)x(PEt3)30] (x ~ 60).13,14 
 
Zero valent palladium complexes typically undergo oxidative addition of small molecules, 
such as halogens, alkyl and aryl halides, to give palladium(II) species. The reverse reaction 
in which a palladium(II) compound undergoes reductive elimination to palladium(0) is also 
known. This facile interconversion between oxidation states is of crucial importance in the 
catalytic cycle of palladium-based catalysts. Examples of oxidative addition and reductive 
elimination involving palladium(0) are shown in Scheme  1.1. 
 
[Pd(PPh3)4]
PhI
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Ph3P PPh3
I
(A)
P
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P
CN P
P P
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Scheme  1.1. Examples of (A) oxidative addition to Pd(0)15 and (B) reductive elimination of Pd(II)16 
complexes. 
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By far, the most common oxidation state of palladium is divalent (4d8) and like all the 
platinum metals, it is a typical Class B (soft) metal ion, hence prefers to bind with elements 
of higher atomic number in a given group of the periodic table. For example, the affinity of 
palladium(II) to form complexes with halides decreases in the order I- > Br- > Cl- > F-; 
similarly the observed order of ligand binding affinities are SR2 > OR2 and PR3 > NR3.17 A 
large number of cationic, neutral and anionic complexes of palladium(II) are known,12  and 
the metal centre is generally four-coordinate, adopting square planar geometry, as is 
observed in [Pd(NH3)4][Pd(SCN)4],18 Vauquelin’s salt [Pd(NH3)4][PdCl4],9 
[Pd(NH3)4]Cl2,12 and (Ph4P)2[Pd2(SPh)6].19 Higher coordination numbers are also possible 
with strong σ-donor ligands; [PdCl(diars)2]+ 12 and [PdCl2(PMe2Ph)3]20 are examples of 
five-coordinate trigonal bipyramidal and square pyramidal complexes, respectively. 
 
Mononuclear trivalent 4d7 palladium complexes are relatively uncommon, although 
examples of these paramagnetic species containing an unpaired electron have been 
reported. In general, they contain large, electron-rich macrocyclic ligands capable of 
shielding the metal centre (hence unpaired electron) from electron pairing, preventing the 
formation of dinuclear diamagnetic species containing a formal metal-metal bond. Careful 
electrochemical oxidation of the divalent palladium complexes [Pd(ttcn)2][PF6]2 and  
[Pd(tacn)2][PF6]2 (ttcn = 1,4,7-trithiacyclononane, tacn = 1,4,7-triazacyclononane) gave the 
trivalent species [Pd(ttcn)2][PF6]3,21 and [Pd(tacn)2][PF6]3,22 respectively. The latter 
complex has also been prepared by chemical oxidation using cerium(IV), peroxydisulfate 
or perchloric acid. The structure of [Pd(ttcn)2][PF6]3 has been confirmed by X-ray 
diffraction (see Figure  1.1) and showed the palladium centre to possess tetragonally 
distorted octahedral geometry. Both the ttcn and tacn palladium complexes have been 
6 
studied by electron spin resonance and the unpaired electron has been shown to be metal-
based, and not derived by ligand oxidation.  
 
 
Figure  1.1. Molecular structure of the palladium(III) complex [Pd(ttcn)2][PF6]3, reproduced from 
reference 21. 
 
Dinuclear palladium(III) complexes containing a metal-metal bond are also known. For 
example, [Pd2Cl2(hpp)4] (hpp = the anion of 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-
α]pyrimidine)23 and the cyclometallated complexes [Pd2Cl2(carboxylato)2(µ-2-
C6H4PPh2)2] (carboxylato = acetato, trifluoroacetato, trimethylacetato),24 have prepared by 
the oxidative addition of chlorine to their respective palladium(II) precursors. 
 
The complex [Pd2Cl2(hpp)4], which was the first reported dipalladium(III) compound, is 
shown in Figure  1.2, as has the shortest Pd-Pd bond [2.391(2) Å] reported to date, even 
shorter than that in elemental palladium (2.75 Å).25 
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Figure  1.2. The binuclear palladium(III) compound [Pd2Cl2(hpp)4], reproduced from reference 23. 
 
Tetravalent 4d6 palladium complexes generally adopt octahedral geometry about the metal 
centre, however, unlike their platinum analogues, this oxidation state is much less 
accessible, owing to the higher ionisation potential required to form Pd4+. The highly 
reactive PdF4 is the only known simple halide of palladium(IV) and has been shown by 
neutron powder diffraction to contain octahedrally coordinated palladium atoms bound to 
four bridging and two terminal fluorine atoms.26 Palladium(IV) complexes are usually 
prepared by oxidative addition procedures, although the products are often labile towards 
reductive elimination. Complexes of the type [PdCl4L2] (L = NMe3, py, PnPr3; L2 = bipy) 
and trans-[PdCl2L2][ClO4]2 [L2 = Me2PCH2CH2PMe2, o-C6H4(AsMe2)2]27,28 have been 
prepared, and in the case of the bipy and o-C6H4(AsMe2)2 complexes, structurally 
characterised by X-ray crystallography. Several palladium(IV) complexes containing a 
tridentate N,N′,C-ligand, derived by C−H activation of a neutral bipyridylamide ligand, 
that are more resistant to reductive elimination have also been reported.29  
 
Higher oxidation states of palladium are not known, although DFT calculations predict 
that, among the compounds of the type [PdX6] (X = F, OH, NH2, Cl, SiH3), only the 
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fluoride would be expected to be stable.30 In contrast, the platinum analogue, [PtF6], has 
been prepared by electrically heating a platinum wire in an atmosphere of fluorine at 
-196 °C and its single crystal X-ray structure reported.31 
 
Complexes containing palladium atoms in difference oxidation states have also been 
reported. An unusual tetranuclear complex containing a dipalladium(I) core supported by 
pi-coordination of two palladium(II) palladacycles is formed by the decomposition of 1,4-
dioxane solutions of a cyclopalladated p-toluene sulfonic acid compound.32 Examples of 
mixed valent Pd(II/IV) compounds are also known.33,34 
 
1.2.1 Palladium(I) complexes 
Monovalent 4d9 complexes of palladium containing an unpaired electron are extremely 
rare, and only a scant number have been reported. Palladium(I) complexes of this type 
have been detected during the low temperature X-irradiation,35 and electrochemical 
reduction,36-38 of suitable palladium(II) precursors. Zeolites incorporating monovalent 
palladium have also been reported.39-41 In all cases, the presence of an unpaired electron 
has been confirmed by electron spin resonance (ESR). 
 
More frequently, palladium(I) complexes are dinuclear and contain the metal-metal bonded 
Pd22+ unit.42 The dimers can be broadly separated into two classes, namely bridged and 
unbridged. Unbridged complexes generally contain small, monodentate ligands like 
phosphines, nitriles and isocyanides etc. There are well-established complexes of such 
compounds containing no bridging ligands between the two metal atoms, for example 
[Pd2(NCMe)6][PF6]2,43 [Pd2Cl2(CO)4], [Pd2(PMe3)6][PF6]2.42 However, most 
dipalladium(I) complexes contain ligands that bridge the metal atoms and a range of 
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bridging ligands such as carbonyl, alkenes, diphosphines, arenes, hydride, phosphido, 
halide etc. are known. Well studied examples of bridged Pd(I) complexes are the 
bis(diphenylphosphino)methane complexes [Pd2X2(dppm)2] (X = Cl, Br, I).44 Given below 
in Table  1.1 are some examples of unbridged and bridged complexes along with their 
Pd-Pd distances.  
 
Table  1.1. Pd-Pd distances in selected dinuclear palladium(I) complexes containing bridging and non-
bridging ligands. 
Complex  Pd-Pd(Å)  Ref.  
[Pd2(CNMe)6](PF6)2.0.5Me2CO 2.531(1) 45 
[Pd2(µ-C6H6)2(AlCl4)2] 2.57(1) 46 
[Pd2(µ-PtBu2)2(PMe3)2] 2.571(2) 47 
[Pd2(µ-PtBu2)2(PtBu2H)2] 2.594(1) 48 
[Pd2(PMe3)6][hfacac]2 2.598(1) 49 
[nBu4N]2[Pd2Cl4(µ-CO)2] 2.697(3) 50 
[Pd2Br2(Ph2PCH2PPh2)2] 2.699(5) 42 
[Pd2{Ph2P(CH2)3PPh](SO3CF3)2 2.701(3) 51 
[Pd2(µ-H)2(µ-LiBEt4)(iPr2PC3H6PiPr2)2] 2.823(1) 52 
 
Many of these Pd(I)-Pd(I) dimers can be prepared by comproportionation of suitable Pd(II) 
and Pd(0) precursors (Scheme  1.2).42 
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Scheme  1.2. Preparation of Pd(I)-Pd(I) dimers by comproportionation. 
 
Controlled potential electrolytic reduction of [Pd(diphos)(CNR)2](PF6)2 (diphos = various 
ditertiary phosphines; R = 2,6-C6H3Me2, 2,4,6-C6H2Me3) has been used to generate 
dipalladium(I) complexes [Pd2(diphos)2(CNR)2](PF6)2.53 Similarly, reduction of 
[PdCl2(CNR)2] gave the dipalladium(I) complex [Pd2Cl2(CNR)4].54 
 
1.3 Electrochemical reduction of palladium(II) complexes  
It has been known for many years that trans-[PdCl2(NH3)2] in aqueous solution shows two 
irreversible polarographic reduction.55 Electroreduction of [PdX2(PPh3)2] (X = Cl, Br, I) 
has been reported to give three Pd(0) species in equilibrium (Scheme  1.3), which arise by 
coordination of halide ions to the highly unsaturated, 14 electron species [Pd(PPh3)2]. 
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Scheme  1.3. Products from electroreduction of [PdX2(PPh3)2] (X = Cl, Br, I). 
 
If the reduction is carried out in the presence of PPh3, the only product is [Pd(PPh3)3].56,57  
These studies have been extended to Pd(II) complexes of the tetra(tertiary phosphine) 
1,1´,2,2´-tetrakis(diphenylphosphino)-4,4´-di-t-butylferrocene.58 The only examples of 
electrochemical generation of dipalladium(I) complexes are those quoted in Section 1.2, 
and even in these case, the reactions are proposed to proceed by an initial two-electron 
reduction to Pd(0) and subsequent comproportionation.53  
 
1.4 Cyclometallated compounds 
Complexes that contain one or more donor bonds between a Group V (N, P, As) or Group 
VI (O, S) element and a transition metal in addition to a covalent metal-carbon σ-bond 
forming a cyclic structure are known variously as cyclometallated or intramolecular 
coordination compounds.59-62 Cyclometallated compounds are specifically termed ortho-
metallated when the metallated carbon is part of an aromatic ring (Figure  1.3). 
 
M
C M
Y = donor atom, M = transition metal
Y Y
 
Figure  1.3. Cyclometallated (left) and ortho-metallated compounds (right). 
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Cyclometallated compounds of almost all the transition metals have been prepared. 
Formation of five-membered ring complexes is most common due to the lower strain of the 
five-membered ring although smaller and larger ring sizes are also known (see Scheme 
1.8). The tendency for forming five-membered ring complexes is elegantly demonstrated 
by the cyclopalladation of o-methyl-N,N-dimethylaniline,63 (Scheme  1.4) and o-methyl-
N,N-dimethylbenzylamine (Scheme  1.5),52 which do not undergo metallation that would 
lead to the formation of four- and six-membered ring complexes, respectively.  
 
Me
NMe2
+ [Pd(OAc)2]
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N
Me2
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Scheme  1.4. Cyclopalladation of o-methyl-N,N-dimethylaniline. 
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Scheme  1.5. Cyclopalladation of o-methyl-N,N-dimethylbenzylamine. 
 
Typical palladacyclic structures (Scheme 1.6) are the dinuclear anion-bridged cisoid and 
transoid species A or B, derived mononuclear species containing a neutral ligand L 
(structure C), and pincer complexes D.65-68 The last of these, although of considerable 
current interest, will not be considered further in this thesis. Also, strictly speaking the 
terms cis and trans refer to arrangements about a single metal atom, but will be used 
hereon for convenience, in lieu of cisoid and transoid. 
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atoms. Note: Y and L could be dif ferent neutral ligands.
 
Scheme  1.6. Structural types of palladacycles. 
 
Depending on the nature of the X ligands, palladacycles can be further divided into neutral, 
cationic and anionic complexes. Examples of neutral (A and B), cationic (C) and anionic 
(D) five-membered ring cyclopalladated complexes are shown in Scheme  1.7.69-71  
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Scheme  1.7. Examples of neutral, cationic and anionic palladacycles. 
 
The ring size in palladacycles can vary from three to eleven and some examples are shown 
in Scheme  1.8. Three and four membered palladacycles are usually unstable and undergo 
facile reductive elimination (while five- and six-membered rings are more common).72-74 
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Scheme  1.8. Examples of palladacycles containing different ring sizes. 
 
1.4.1  Formation of cyclometallated palladium compounds 
The most common methods of synthesising cyclopalladated compounds are C-H bond 
activation, transmetallation and oxidative addition.3,4,61,65,75-87 
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1.4.1.1 C-H bond activation 
In the C-H bond activation method, an aryl-hydrogen bond is cleaved with formation of a 
metal-carbon σ-bond; the reaction of azobenzene with K2[PdCl4] being the first example 
reported in the literature (Scheme  1.9).3 
N
N
N
N
N
N
PdPd
Cl
Cl
H
Pd2+
dioxane/water
RT/ 2 weeks
+ K2[PdCl4]
 
Scheme  1.9. Formation of a palladium-(2-azophenyl) compound. 
  
Three mechanisms have been proposed to describe the formation of these types of 
metallated complexes:76 (a) the aromatic carbon undergoes electrophilic attack by a metal 
nucleus and (b) oxidative addition of a C-H bond across the metal centre occurs, which 
may be accompanied by reductive elimination.88 In the reaction described in Scheme  1.9, 
HCl is eliminated and as a result the oxidation state of the metal atom in the starting 
material and product remains the same. But, there are reactions in which reductive 
elimination is not observed; for example, heating solutions of [IrCl(PPh3)3] leads to the 
formation of [IrHCl(κ2-P,C-C6H4PPh2)(PPh3)2] and the metal undergoes an increase in the 
oxidation state from +1 to +3.89 (c) multicentered pathway, which is very similar to the 
electrophilic substitution mechanism and is often observed for metal complexes containing 
a σ-carbon group, R (e.g. allyl, benzyl, phenyl). In this case, a C-H fragment donates an 
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electron pair to R forming a multi-centered transition state, followed by elimination of HR 
and formation of a cyclometallated complex. 
 
Cyclopalladation of phosphines via C-H bond activation was first reported in the mid 
1970’s.90 Metallation of coordinated tertiary phosphines is promoted by bulky substituents 
such as t-butyl, cyclohexyl and o-tolyl on the phosphorus atom which increase the steric 
bulk in the coordination sphere. For example, heating a solution of trans-[PtCl2(PtBuPh2)2] 
in 2-methoxyethanol gave the four-membered cyclometallated complex [PtCl(κ2-P,C-
C6H4-2-PPhtBu)(PtBu2Ph)]; metallation occurs much more rapidly for trans-
[PtCl2(PtBu2Ph)2] containing two t-butyl groups, illustrating the effect of steric crowding 
about the metal center.91,92 In contrast, metallatation does not occur when the sterically less 
demanding complex [PtCl2(PiBuPh2)2] containing i-butyl groups is heated under similar 
reaction conditions.93 In the case of bulky phosphines containing o-tolyl groups, 
metallation occurs at the methyl carbon of the tolyl group and not at the aromatic ring, as 
shown in Scheme  1.7. For example, a solution of trans-[PdCl2{PtBu2(o-tolyl)}2] at ambient 
temperature gives the halide-bridged dimer [Pd2(µ-Cl)2(κ2-P,C-2-CH2C6H4PtBu2)2] 
containing a five-membered ring, together with the phosphonium salt [PHtBu2(o-tolyl)]Cl. 
The rate of cyclometallation generally increases in the order Cl < Br < I; this may be due to 
the increasing atomic radii of the halide which promotes the steric bulk, or to electronic 
effects.92 The presence of a base such as sodium acetate94-96 or the use of a basic solvent 
such as 2-methoxyethanol91,92,97,98 can also be key factors in successful cyclometallation of 
tertiary phosphines. The electronic properties of substituents in the coordinated ligand can 
also influence the metallation reaction. The ortho-palladation of unsymmetric azobenzenes 
in which only one of the aromatic rings contains a substituent in the para position has been 
studied. In the case of electron donating groups like methoxy, only the substituted ring is 
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cyclometallated, while electron withdrawing groups like chloride favour the unsubstituted 
ring.88 
 
1.4.1.2 Transmetallation 
Transmetallation involves the transfer of a hydrocarbon ligand R (R = alkyl, aryl, acyl, 
etc.) from one metal M to another metal M′; at the same time a ligand X (usually a halide) 
is transferred from M′ to M as shown in Scheme  1.10.     
 
MR     +    M'X MX    +  M'R
R = alkyl, aryl, acyl, etc; X = halide 
M = Li, Mg, Cu, Hg, Sn; M' = transition metal
 
Scheme  1.10. General representation of transmetallation. 
 
Organolithium reagents are the most widespread transmetallating reagents. The lithium 
derivative 2-LiC6H4PPh2, which is prepared by treatment of 2-BrC6H4PPh2 with n-
butyllithium, has been used to form cyclometallated derivatives of Pt, Au, Rh and Ir.99 For 
example, it reacts with [PtCl2(SEt2)2] to form cis-[Pt(κ2-2-C6H4PPh2)2] as shown in 
Scheme  1.11.100 Detailed discussion on [2-C6H4PPh2]− and its substituted derivatives will 
follow later in Section 1.7. 
PPh2
Br
Pt
PPh2
PPh2
1. nBuLi
2. [PtCl2(SEt2)2]
 
Scheme  1.11. Use of the lithiated reagent 2-LiC6H4PPh2 in transmetallation. 
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The use of a doubly lithiated species has been reported in the synthesis of a four-membered 
compound, shown in Scheme  1.12. Thus, the reaction of (1,8-
naphthalenediyl)dilithium.TMEDA (TMEDA = Me2NCH2CH2NMe2) with cis-
[PdCl2(PEt3)2] gave the palladacycle [Pd(1,8-naphthalenediyl)(PEt3)2].101 
 
Li Li Pd
Et3P PEt3
[PdCl2(PEt3)2]
 
Scheme  1.12. Synthesis of C-C palladacycle with the use of doubly lithiated reagent. 
 
The use of less electropositive elements than lithium, which form less polarised metal-
carbon bonds, have been used in transmetallation reactions under milder conditions for the 
formation of metal-carbon σ-bonds; examples of these elements are Hg,102 B, Sn and Si. 
Organomercury(II) complexes have been used to prepare a wide range of palladacycles 
which are not been easily accessible by other methods.103-107 For example, the use of the 
organomercury reagent [Hg{C6H-6-(CHO)-2,3,4-(OMe)3}2], has enabled the formation of 
the palladacyclic compound [Pd2(µ-Cl)2{C6H-2-(CHO)-3,4,5-(OMe)3}2], as shown in 
Scheme  1.13.103; K2[PdCl4] could also be used to give the same product under different 
reaction conditions.104 
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Scheme  1.13. The use of an organomercury reagent for the preparation of a palladacycle. 
 
However, the reaction of [Hg(2-C6H4PPh2)2] with [PdCl2(SEt2)2] did not result in the 
transfer of the 2-C6H4PPh2 groups to palladium, but forms a binuclear cyclometalled 
compound, trans-[PdCl2(2-C6H4PPh2)2Hg], thus retaining the mercury.108 
 
Aryl transfer from (trialkyl)aryltin compounds provide another alternative method for  
transmetallation under mild reaction conditions. The transfer of an aryl group from the tin 
to the metal atom (with elimination of trialkyltin halide or triflate) occurs when a metal 
halide (or triflate) is treated with a (trialkyl)aryltin reagent. Thus, the reaction of 8-
(trimethystannyl)methylquinoline with [PdCl2(PhCN)2] and subsequent addition of PPh3 at 
room temperature in CHCl3, gave the five-membered palladated complex [PdCl(PPh3)R] 
(R = methylquinoline) as shown in Scheme  1.14.109 
 
N
CH2
Me3Sn
N
Pd CH2Ph3P
Cl
[PdCl2(PhCN)2]
PPh3, CHCl3, RT
 
Scheme  1.14. The use of a tin reagent for the preparation of a palladacycle. 
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Tin reagents have been used to prepare a number of platinum,110-127 palladium,128,129 
rhodium129-131 and gold compounds.132-135 
 
1.4.1.3 Other methods of cyclopalladation 
Oxidative addition is an alternative method for the preparation of palladacycles when 
direct C-H bond activation is not accessible, or when further functionalisation on the ligand 
is required. This process involves the cleavage of a covalent C-Br bond in an arylbromide 
compound containing a donor functional group, by a low valent palladium complex, with 
subsequent formation of a new Pd-C σ bond. This essentially involves the insertion of a 
zero valent palladium atom into a C-Br bond and the oxidation state of the metal centre is 
increased to +2. The cyclopalladated benzalimine dimeric complexes (A and B), shown in 
Scheme  1.15, were the first cyclopalladated complexes obtained by oxidative addition, 
from the reaction of bis(dibenzylideneacetone)palladium(0) with 3,4-dimethoxy-6-
bromobenzalimines and N-t-butyl-6-chlorobenzalimine, respectively.  
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Scheme  1.15. Cyclopalladated complexes obtained by oxidative addition procedures. 
 
This oxidative addition procedure has been used successfully to generate cyclopalladated 
complexes containing phosphorus as the donor atom.136-143 For example, the C-Br bond in 
2-BrC6H4PPh2 oxidatively adds to the palladium(0) complex [Pd(dba)2] to give, depending 
on the ligand:metal ratio, the tetrameric and monomeric complexes [Pd4(µ-Br)4(µ-2-
C6H4PPh2)4] and [PdBr(κ2-2-C6H4PPh2)(2-BrC6H4PPh2)],137 respectively, shown in 
Scheme  1.16.  
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Scheme  1.16. Formation of palladacycles by oxidative addition of o-BrC6H4PPh2 to [Pd(dba)2]. 
 
Cyclometallated complexes have also been prepared by the attack of nucleophiles on 
coordinated diolefines.136-143 For example, the reaction of [PdCl2(cod)] with CH2(COOEt)2 
in the presence of sodium carbonate yielded the first chelate σ-alkyl palladium complex to 
be formed by this route. (Scheme  1.17).137 
[PdCl2(cod)]
CH2(COOEt)2
Na2CO3
Pd Pd
Cl
Cl
CH(COOEt)2
(EtOOC)2HC
 
 
Scheme  1.17. The first cyclopalladated complex formed via nucleophilic attack of a diethylmalonate 
anion on the coordinated olefin in [PdCl2(cod)]. 
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1.5 Palladacycles as catalysts in C-C bond formation 
Palladacycle mediated carbon-carbon and carbon-nitrogen coupling reactions have made 
significant contributions to synthetic organic chemistry for the last two decades. They are 
among the most simple and efficient catalyst precursors to promote palladium mediated 
cross coupling reactions.149 Since the introduction of the Herrmann-Beller catalyst,150 a 
plethora of cyclopalladated compounds have been successfully used in C-C bond forming 
reactions, such as the Heck, Suzuki, Stille and Sonogashira reactions.151 P-Donor-based 
palladacycles,152,153 pincer-type palladacycles,154 carbene adducts of palladacycles155 
nitrogen-based palladacycles,156 oxime palladacycles,157 oxygen- and sulfur-based 
palladacycles158 have been successfully used as catalyst precursors for a variety of carbon-
carbon coupling reactions. 
 
Palladacycles are actually “pre-catalyts” or catalyst precursors which slowly release the 
catalytically active and co-ordinatively unsaturated Pd(0) species and this species is 
required for the oxidative addition of aryl halides or triflates, the usual substrates for the C-
C coupling reactions.159 These pre-catalysts are very much similar to any typical palladium 
catalyst in mediating carbon-carbon bond formation between a variety of substrates and 
show interchangeable redox behavior between the two stable oxidation states Pd(II)/Pd(0) 
and are compatible with wide variety of organic functional groups.160 Many palladacycles 
exhibit air, moisture and thermal stability, which enable them to be used as catalyst 
precursors when harsh conditions such as high temperature are required, for example, 
transformations involving any unactivated aryl halides.161 The slow release of low 
coordinate Pd(0) species by a palladacycle during the course of an organic transformation 
helps to suppress the formation of unreactive Pd nanoparticles/black due to the low 
concentration of Pd(0), thus avoiding nucleation and particle growth.162 Palladacycles 
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show a similar mechanism to any multi-step catalytic cycle of palladium which involves an 
activation step that releases the low coordinate Pd(0), followed by oxidative addition of an 
aryl halide, migratory insertion or transmetallation and reductive elimination, affording the 
coupled product and regeneration of palladium(0).163 Since palladacycles are not like the 
regular palladium catalysts, they must undergo a ring opening process/activation process to 
release the catalytically active Pd(0) species and the rate of this step depends on the 
stability of the palladacycle, which is controlled by the nature of other auxillary ligands in 
the palladacycle. A highly stable cyclometallated palladium complex releases the active 
Pd(0) species very slowly, while an unstable palladacyle dissociates very rapidly to give 
Pd(0) species faster. An important requirement for good catalytic activity is that the release 
of Pd(0) shouldn’t be too slow or too fast in order to avoid a long induction period, very 
poor conversion and other faster deactivation pathways for the catalyst precursors.  
 
Further, changes in the reactivity, stability, steric, and electronic nature of palladacyles are 
usually tuned by varying the size of the metallacycle ring (e.g. 3-10 ring size), type of 
donor groups (N, P, O etc. containing donor groups), nature of the metallated carbon atom 
(e.g. aliphatic, aromatic or vinylic) and the nature of halide and other auxillary ligands. A 
number of palladacycle catalysts have been prepared by varying the above-mentioned 
properties and effectively used in different carbon-carbon and carbon-nitrogen coupling 
reactions.164-168 Most of the routinely used palladacycle catalysts are five or six membered, 
while the use of three or four membered palladacycle catalysts are relatively rare. Other 
auxillary ligands present in the palladacyle catalysts can have a substantial effect on the 
catalytic performance towards different substrates, especially in stabilising the 
intermediates in each step and their control on the selectivity of the desired transformation. 
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All these factors combined together have a strong effect in the efficiency of palladacycles 
as catalyst precursors. 
 
The major focus of this thesis was the synthesis of phospha-palladacycles, which are 
relatively rare compared to palladacyles containing N-, S- and O-donor groups. Also, the 
latter type of palladacycles have been used as catalysts for variety of carbon-carbon 
coupling reactions.164-168 The complexes synthesised in the present work are significantly 
different from the palladacycles routinely used as catalysts reported in the literature 
(notably the size of the metallocycle), although similar species containing the 2-C6X4PPh2 
(X = H, F) ligand have recently been reported by Lahuerta et al.169 They have synthesised 
dinuclear compounds containing the Pd26+ core bridged by 2-C6H4PPh2 ligands and used 
these palladacycles as catalysts for the synthesis of 1,2-diboronate esters from the 
diboration of vinylarenes and alkenes. They have observed the in situ reduction of Pd(III) 
into the catalytically active Pd(II) species, which was considered to catalyse the coupling 
reaction. Hence selected palladacycles from the present work were tested for their catalytic 
activity in the Heck, Sonogashira and Suzuki coupling reactions as shown in Scheme  1.18. 
These three reactions involve different substrates and reaction conditions, so they were 
chosen as model reactions for studying the catalytic behavior of these palladacycles which 
varied in the ligands, nuclearity, ring size etc. 
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Scheme  1.18. Palladacycle catalysed carbon-carbon coupling reactions of aryl halides. 
 
1.5.1 The Heck-Mizoroki reaction 
The Heck-Mizoroki (or simply Heck) reaction was discovered in the early 1970’s and has 
proved to be among the most important palladium-catalysed coupling reactions to 
synthesise aryl-olefine derivatives.170 These reactions involve the coupling of an aryl 
halide and an electron deficient alkene, mediated by a palladium catalyst in the presence of 
a strong base (Scheme  1.19).  
 
X
EWG EWG
EWG
EWG
R R R R
+
"Pd catalyst"
Solvent, base, temp. + +
 
Scheme  1.19. The Mizoroki-Heck reaction. 
 
The Heck reaction has found a broad range of applications, ranging from synthetic organic 
chemistry to materials science and is used on an industrial scale for the production of 
compounds such as naproxen and octyl methoxycinnamate.171 It tolerates almost any 
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sensitive functionality such as unprotected amino group, hydroxyl, aldehyde, ketone, 
carboxy, ester, cyano and nitro groups. The generally accepted mechanism for the Heck 
coupling reaction is shown below in Scheme  1.20.172 
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Scheme  1.20. Traditional mechanism for palladium-catalyzed Heck reactions. 
 
The initial step of the Heck reaction is the preactivation of the catalyst precursor. This 
preactivation includes the reduction of Pd(II) to Pd(0) and the generation of a coordinately 
unsaturated, 14-electron active species, Pd(0)L2 (step 1). The [Pd(0)L2] species is electron-
rich and nucleophilic in character, and has vacant sites so that the organic electrophile ArX 
(aryl or alkenyl halide) can oxidatively add to it, generating [Pd(Ar)XL2] (step 2). The next 
step of this mechanism is the coordination-insertion of an electron-deficient alkene into the 
Pd–C σ-bond of [Pd(Ar)XL2]. The insertion process requires a coplanar assembly of the 
metal and electron-withdrawing alkene. Therefore, the insertion process is regioselective 
and occurs in a syn manner to form another Pd-C σ-bonded intermediate. Rotation about 
the C-C and Pd-C bonds in this unstable σ-bonded intermediate occurs until the Pd and β-
hydrogen atom are syn coplanar (step 3). β-Hydride elimination takes place to generate the 
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observed trans-disubstituted alkene and [HPdXL2] (step 4). In this last step of the cycle, 
HX is eliminated in the presence of a base and the active [Pd(0)L2] is regenerated to launch 
the next turn of the Heck cycle (step 5).  
 
1.5.2 The Suzuki-Miyaura reaction 
The reaction between organoboranes (aryl or vinyl-boronic acids) and aryl or vinyl halides 
in the presence of a palladium catalyst and base is known as the Suzuki-Miyaura reaction, 
commonly shortened to the Suzuki reaction, and named after Akira Suzuki who first 
developed it 30 years ago (Scheme  1.21).173 It offers a powerful and general methodology 
for forming carbon-carbon bonds. It has also emerged as a practical approach to 
synthesising polyolefins, styrenes and biaryls that are found in wide variety of natural 
products as well as in numerous biologically active compounds and chiral liquid crystals.  
 
R1 B(OH)2 R2 X R1 R2
cat.[Pd0Ln]
base
R1, R2 = aryl, vinyl,
X = Cl. Br, I,
+
 
 
Scheme  1.21. Palladium-catalyzed Suzuki reaction. 
 
The accepted mechanism for the Suzuki coupling174 is shown in Scheme 1.22. The first 
step is the preactivation of the palladium precursor to [Pd(0)L2] (step 1) and subsequent 
oxidative addition of RX to generate [PdL2RX] (step 2); these two steps are similar to 
those proposed in the Heck coupling reaction. [PdL2RX] reacts with a base to give an 
intermediate species [PdR(Nu)L2] (step 3). The key step is the reaction of this species with 
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an anionic boronate derived by addition of the nuclephile with the vinyl or aryl boronic 
acid (step 4). The polarisation of boron in the –ate complex facilitates this step. Finally, 
reductive elimination of the coupled product from the organopalladium species restores the 
original palladium(0) catalyst and launches the next turn of the Suzuki cycle (step 5).  
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Scheme  1.22. Accepted mechanism for the palladium-catalyzed Suzuki reaction. 
 
1.5.3 The Sonogashira-Hagihara reaction 
The Sonogashira-Hagihara reaction, known simply as the Sonogashira coupling 
reaction,175 is the palladium-catalyzed coupling reaction between aryl or alkenyl halides or 
triflates and terminal alkynes, either with or without a catalytic amount of copper(I) 
compound, such as the iodide. The latter accelerates the reaction so that, frequently it can 
be carried out at room-temperature. The reaction became the most important method to 
prepare arylalkynes and conjugated enynes, which are precursors to natural products, 
pharmaceuticals and molecular organic materials. As CuI catalyses an undesired Glaser-
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type homocoupling of the alkyne, there is a need to find copper-free Sonogashira reaction 
conditions.176 As an alternative, using an excess of amine in the reaction mixture favours 
the Sonogashira coupling reaction in the absence of copper iodide.177  
 
The exact mechanism of both copper-free and copper-cocatalysed Sonogashira reactions 
are not fully understood, but plausible mechanisms are shown in Scheme  1.23.178 The 
initial two steps are the usual pre-reduction of Pd(II) to Pd(0) and subsequent oxidative 
addition of an aryl or alkenyl halide to give [PdX(R)L2]. In the Cu(I)-free process, the 
alkyne is believed to reversibly displace one of the ligands L and is then deprotonated to 
give [PdR(C CR')L2]. Reductive elimination of RC CR' then regenerates 
palladium(0) enabling the catalytic cycle to continue. In the CuI-promoted process, the 
source of acetylide is believed to be the copper(I)-acetylide formed from CuI and the 
alkyne in the presence of base. 
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Scheme  1.23. Proposed mechanisms for palladium-catalysed Sonogashira reaction: (A) copper-co-
catalysed, (B) copper-free. 
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1.6 σ-Fluoroalkyls and σ-fluoroaryls 
Halogen atoms (especially fluorine) in alkyl or aryl ligands often confer enhanced stability 
on transition metal complexes, making them much more stable than their corresponding 
alkyl or aryl derivatives. This has allowed the synthesis and isolation of many metal 
complexes containing halogen-substituted ligands. For example, [(C2F5)2Fe(CO)4] is stable 
even at 100 °C, but its protio analogue does not exist;179 [(CH3)Co(CO)4] is stable only at 
subzero temperatures, while its fluoro analogue is stable even at its boiling point (91 
°C);180 the presence of chlorine atoms on the phenyl ring increases the thermal stability of 
[Ag(C6Cl5)] (decomposes at 102 °C)181 compared to [Ag(C6H5)] (decomposes at 74 °C).182 
The stabilising effect of the perfluorophenyl groups has also enabled the synthesis of many 
perfluoroarylgold complexes.183 
 
The enhanced stability of fluorocarbon-metal σ-bonds has been attributed to greater 
electronegativity of the ligands and the increase in ionic-covalent resonance energy.184-187 
The π back bonding from the metal centre to the α-carbon of a fluoroalkyl ligand may also 
be a factor which has an impact on stability, although this has been a matter of much 
discussion.188 The multiple bond character is evidenced by a decrease in the metal-carbon 
bond length for fluoroalkyl derivatives compared to the corresponding bond lengths in 
their protio analogues; for example the Au-C bond length of 2.045(4) Å in 
[Au(CF3)PPh3]189 is shorter than that of 2.124(28) Å in [Au(CH3)PPh3].190 However, this 
difference is not as significant in fluoroaryl complexes; the Au-C bond length in 
[N(PPh3)2][Au(C6F5)4]191 [2.0835(av.) Å] does not show a significant shortening compared 
to those in [NBu4][Au(C6H5)4] [2.032(av.) Å].192 Likewise, the greater stability of the Au-
C bonds in the tetrafluoro system over those in the tetraprotio system in dinuclear gold 
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complexes of the type [Au2(µ-2-C6R4PPh2)2] (R = H, F) is not reflected in the Au-C bond 
lengths.193,135 
 
The most obvious difference in the stability of metal complexes containing halogen-
substituted ligands compared to their protio derivatives lies in their chemical reactivity. For 
example, the electron-withdrawing effect of the halogens disfavours the reaction of the 
platinum and palladium vinyl complexes trans-[(Ph2MeP)2MCl(CCl=CCl2)] (M = Pt, Pd) 
with hydrogen chloride, whereas reaction of analogous partially halogenated complexes 
trans-[(Ph2MeP)2MCl(trans-CH=CHCl)] (M = Pt, Pd) with hydrogen chloride leads to 
cleavage of the metal-carbon bond and removal of the vinyl group as vinyl chloride.194  
  
The greater robustness of Au-C bonds in [Au2(µ-2-C6F4PPh2)2] is evidenced from its 
reaction with HCl; the metal-carbon bonds in [Au2(µ-2-C6F4PPh2)2] are cleaved only by a 
large excess of concentrated HCl and are more robust than those of [Au2(µ-2-C6H4PPh2)2]. 
This is also clear from the fact that [Au2(µ-2-C6F4PPh2)2] is readily accessible using 
[AuCl(tht)] as a starting material, whereas attempts to make [Au2(µ-2-C6H4PPh2)2] from 
[AuCl(tht)] resulted in reduction to gold metal.195 Metal complexes containing 
halogenated-ligands are usually inert towards insertion of small molecules. The complex 
[Mn(CH3)(CO)5] undergoes facile insertion of CO to give [Mn(COCH3)(CO)5], whereas 
[Mn(CF3)(CO)5] is inert.196 The failure of SO2 to insert into the Au-C bonds of [Au2(µ-2-
C6F4PPh2)2] is another example of the decreasing tendency of M-C σ-bonds with more 
electron-withdrawing ligands to insert small molecules such as CO and SO2.135 
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1.7 Cyclometallated complexes containing 2-C6H4PPh2 and 
2-C6F4PPh2 ligands 
It is well established that ligands of the type [2-C6H4PPh2]− can behave as chelating groups 
or as bridging groups,100 and facile interconversion between the two modes is also 
possible.138,197 There are examples of complexes of Au,193,195 Pt,197,198 Pd,137,199and 
Rh138,200,201 containing bridging 2-C6H4PPh2. In contrast to the large number of metal 
complexes containing 2-C6H4PPh2, relatively few complexes of the analogous tetrafluoro 
derivative, 2-C6F4PPh2, are known.  
 
The dinuclear gold complexes [Au2(µ-2-C6Y4PPh2)2] (Y= H, F) can be prepared by 
transmetallation of 2-LiC6Y4PPh2 with [AuBr(PEt3)] (Y = H) or [AuBr(AsPh3)] (Y = F). 
The most obvious difference in the chemistry of the [Au2(µ-2-C6H4PPh2)2] and [Au2(µ-2-
C6F4PPh2)2] systems lies in the isomerisation behaviour of the digold(II) complexes 
[Au2X2(µ-2-C6Y4PPh2)2] (X = Cl, Br, I), resulting from the reaction of the digold(I) dimers 
with halogens. On heating, the digold(II) complexes [Au2X2(µ-2-C6F4PPh2)2] (X = Cl, Br, 
I) rearrange to give the gold(I)-gold(III) species [XAu(µ-2-C6F4PPh2)(κ2-2-
C6F4PPh2)AuX] (X = Cl, Br, I) (complex A, Scheme  1.24).135 In contrast, the digold(II) 
complexes containing the C6H4PPh2 ligand undergo reductive elimination and C-C 
coupling of the aryl groups to give the digold(I) complexes [Au2X2(µ-2,2'-
Ph2PC6H4C6H4PPh2)] (X = Cl, Br, I)195 containing the 2,2'-biphenyldiyl ligand (complex B, 
Scheme  1.24); these complexes are presumably formed via intermediates analogous to A.  
 
Another obvious difference in reactivity between [Au2(µ-2-C6H4PPh2)2] and [Au2(µ-2-
C6F4PPh2)2] is their behaviour towards the electrophiles H+ and SO2. Treatment of [Au2(µ-
2-C6H4PPh2)2] with two equivalents of HCl rapidly cleaves the metal-carbon σ-bonds to 
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give [AuCl(PPh3)]. Under similar reaction conditions, the fluoro analogue is stable, and a 
large excess of acid is required for protonolysis. This observation illustrates the greater 
stability induced by fluorine substitution on the aryl group. This stability is also evident in 
the reactions of [Au2(µ-2-C6X4PPh2)2] with SO2. When X = H, step-wise insertion of sulfur 
dioxide into the metal-carbon σ-bonds takes place to give S-bonded sulfinato species, 
although the reaction is reversible. In contrast, when X = F, there was no evidence for the 
insertion of SO2 into the Au-C bonds.135 
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Scheme  1.24. The isomerisation behaviour of the digold(II) complexes [Au2X2(µ-2-C6Y4PPh2)2] (X = Cl, 
Br, I; Y= H, F). 
 
Treatment of 2-LiC6Y4PPh2 (Y = H, F) with [PtCl2(SEt2)2] leads to the formation of 
bis(chelate) complexes [Pt(κ2-C6Y4PPh2)2] (Y = H has been discussed in Section 
1.4.1.2).198,202 The analogous palladium bis(chelate) complex containing C6F4PPh2 ligands 
has also been prepared by a similar method. The corresponding nickel bis(chelate) could 
not be prepared by transmetallation but was obtained by the reaction of 2-BrC6F4PPh2 with 
NiCl2 in the presence of Zn dust. The palladium and nickel bis(chelate) complexes 
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containing the C6H4PPh2 ligand could not be prepared analogously and are not known so 
far.  
 
The platinum complex [Pt(κ2-C6H4PPh2)2] undergoes ring opening on heating to form the 
dinuclear species [Pt2(µ-2-C6H4PPh2)2(κ2-2-C6H4PPh2)2] (Scheme  1.25).197 In contrast to 
[Pt(κ2-C6H4PPh2)2], the cis-isomer of the tetrafluoro analogoue was converted into the 
trans-isomer when toluene solutions were heated under reflux (Scheme  1.26).202 
 
∆
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Scheme  1.25. Behaviour of [Pt(κ2-C6H4PPh2)2] on heating. 
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Scheme  1.26. Conversion of cis-[Pt(κ2-C6F4PPh2)2] to its trans isomer on heating. 
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The protio and tetrafluoro complexes show similar behaviour on comproportionation with 
[Pt(PPh3)3] in refluxing toluene to give diplatinum(I) complexes [Pt2(µ-
C6Y4PPh2)2(PPh3)2] (Y = H, F) (Scheme  1.27).197 
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Scheme  1.27. Formation of diplatinum(I) complexes [Pt2(µ-C6Y4PPh2)2(PPh3)2] (Y = H, F) by 
comproportionation. 
 
Palladium complexes derived from 2-BrC6H4PPh2 are also known in which the ligand 
exhibits the chelating and bridging coordination modes. Tetrameric palladium(II) species 
[Pd(µ-Br)(µ-C6H4PPh2)]4 (Scheme  1.16) have been prepared by Lahuerta and co-workers 
(see Section 1.4.1.3),137 which react with PPh3 or PCy3, cleaving the tetranuclear unit and 
forming mononuclear species of the type [PdBrL(κ2-P,C-C6H4PPh2)] (L = PPh3, PCy3) 
containing a four-membered ring (Scheme 1.28).138 
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Scheme  1.28. Interconversion of the bridging to chelating coordination mode of the [2-C6H4PPh2]- 
ligand in palladium complexes. 
  
A similar approach to that described above has been used to prepare the tetrafluoro 
analogue of [Pd4(µ-Br)4(µ-C6H4PPh2)4], from the reaction of [Pd(dba)2] with 2-
BrC6F4PPh2, but a somewhat tedious purification procedure is required.203  
 
Although the bis(chelate) complex [Pd(κ2-2-C6H4PPh2)2] is unknown, its tetrafluoro 
analogue, [Pd(κ2-2-C6F4PPh2)2], has been made by the reaction of 2-LiC6F4PPh2 with 
[PdCl2(SEt2)2].202 This complex undergoes comproportionation with PdL4 (L = PPh3, 
AsPh3) to give dipalladium(I) complexes of the type [Pd2(µ-2-C6F4PPh2)2(L)2] (L = PPh3, 
AsPh3) as shown in Scheme  1.29.204  
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Scheme  1.29. Preparation of palladium(I) dimers containing the ligand 2-C6F4PPh2. 
 
1.8 Research objectives 
The aims of the work are: 
a) To investigate the use of main group transfer reagents, in particular those containing the 
trimethyltin group, for the preparation of palladium(II) complexes containing 2-C6H4PPh2 
and 2-C6F4PPh2 and to explore their reactivity. 
b) To determine if it is possible to generate dipalladium(I) compounds analogous to those 
of the platinum(I) compounds shown in Scheme 1.27 via electrochemistry. 
Electrochemical reduction of the palladium(II) complex [PdBr(κ2-2-C6H4PPh2)(PPh3)] 
may lead to a mononuclear, three-coordinate palladium(I) species, which, after ring-
opening, could be envisaged to dimerise to give [Pd2(µ-2-C6H4PPh2)2(PPh3)2], as shown in 
Scheme  1.30. We were also interested to see if the known palladium(I) dimer [Pd2(µ-2-
C6F4PPh2)2(PPh3)2] could be electrochemically generated from suitable palladium(II) 
precursors. 
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Scheme  1.30. Proposed synthesis of [Pd2(µ-2-C6H4PPh2)2(PPh3)2]. 
 
c) To investigate the catalytic properties of palladium complexes containing the 2-
C6H4PPh2 and 2-C6F4PPh2 ligands in C-C bond forming reactions. 
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Chapter 2                                                                                       
Preparation of Ligand Precursors and of Palladium(II) 
Compounds Containing 2-C6F4PPh2 and 2-C6H4PPh2 
Ligands 
 
2.1 Preparation of ligand precursors 
2.1.1 (2-Bromoaryl)diphenylphosphines 
Compounds of the general type (2-bromoaryl)diphenylphosphine can be prepared by three 
literature methods. For example, the unsubstituted compound (2-
bromophenyl)diphenylphosphine can be prepared by: 
1. The reaction of (2-bromophenyl)dichlorophosphine with phenylmagnesium bromide. (2-
bromophenyl)dichlorophosphine is prepared from the reaction of phosphorus trichloride 
with the diazonium salt of 2-bromoaniline and subsequent reduction with aluminium 
(Scheme  2.1, A).1 
2. The low temperature mono-lithiation of 1,2-dibromobenzene with n-butyllithium and 
subsequent treatment with chlorodiphenylphosphine (Scheme  2.1, B).2  
3. The palladium-catalysed coupling of 1-bromo-2-iodobenzene with 
trimethylsilyldiphenylphosphine (Scheme  2.1, C).3 
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1.HNO2
2. PCl3
3. Al
PhMgBr
nBuLi
-100 ºC
Ph2PCl
(CH3)3SiPPh2
[PdCl2(MeCN)2]
NH2
Br
PPh2
Br
PCl2
Br
PPh2
Br
Br
Br
Li
Br
PPh2
Br
I
Br
A
B
C
 
Scheme  2.1. Methods for the preparation of (2-bromophenyl)diphenylphosphine. 
 
For the preparation of the desired fluoroarylphosphine (2-bromotetrafluorophenyl) 
diphenylphosphine, the second method, in which 1,2-dibromotetrafluorobenzene is treated 
with n-butyllithium at low temperature, has been reported in the literature.4,5 The resulting 
organolithium reagent, 1-Br-2-Li-C6F4, was then treated with chlorodiphenylphosphine to 
give (2-bromotetrafluorophenyl)diphenylphosphine as shown in Scheme  2.2. 
nBuLi
-78 ºC
Ph2PCl
F
F
Br
Br
F
F
F
F
Li
Br
F
F
F
F
PPh2
Br
F
F
 
Scheme  2.2. Synthesis of (2-bromotetrafluorophenyl)diphenylphosphine. 
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2.1.2 (2-Trimethylstannyl)aryldiphenylphosphines 
When an ether solution of (2-bromotetrafluorophenyl)diphenylphosphine, cooled to -78 °C, 
was treated sequentially with nBuLi and Me3SnCl, {2-(trimethylstannyl)tetrafluorophenyl} 
diphenylphosphine was isolated, after recrystallisation from hot methanol, as a colourless 
solid in ca. 87% yield (Scheme  2.3). 
nBuLi Me3SnCl
-78 ºC
F
F
F
Br
PPh2
F
F
F
F
Li
PPh2
F
F
F
F
SnMe3
PPh2
F
 
Scheme  2.3. Synthesis of {2-(trimethylstannyl)tetrafluorophenyl}diphenylphosphine. 
 
The compound gave satisfactory elemental analysis and the ESI-mass spectrum showed a 
[M+H]+ peak at m/z 499. The 1H NMR spectrum showed, in addition to the expected aromatic 
multiplets, a singlet resonance at δ 0.5 due to the SnMe3 group. The 13C NMR spectrum 
showed the expected aromatic multiplets together with the SnMe3 resonance at δ -3.9, split 
into a doublet of doublets (J = 4.5, 13.3 Hz), presumably arising from three-bond coupling to 
the ortho fluorine and phosphorus atoms on the aromatic ring. Equally spaced about the main 
resonance were satellites arising from the 117Sn and 119Sn isotopomers (J = 361 and 381 Hz). 
The 31P NMR spectrum showed a doublet of multiplets centred at δ -0.2 with poorly resolved 
117/119Sn coupling of ca. 29 Hz.  
 
The structure of {2-(trimethylstannyl)tetrafluorophenyl}diphenylphosphine, determined by X-
ray crystallography, is shown in Figure  2.1. The
 
Sn-Cmethyl distances [ca. 2.142 Å for two 
independent molecules] are comparable to that found in tetramethyltin  [2.1436(30) Å].6 The 
Sn-Caryl distances [2.1883(14) Å and 2.1904(15) Å for two independent molecules] are longer 
than the analogous distances in tetraphenyltin [2.137(5) Å]7 and tetrakis(pentafluorophenyl)tin 
[2.126(8) Å],8 presumably owing to the presence of the bulky ortho-PPh2 substituent. The 
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P…Sn separation [3.3694(4) and 3.3931(4) Å for two independent molecules] is greater than 
those reported in [o-Ph2PC6H4(SnPh2Cl)] [3.125(4) Å] and [(o-iPr2PC6H4)2SnPhCl] [3.120(1) 
Å]9 ; the presence of chloride ligands increases the Lewis acidity of the tin atom, which would 
promote an attractive interaction between the phosphorus lone pairs and the metal center, 
hence leading to shorter P…Sn distances. 
 
Figure  2.1. Molecular structure of [2-Me3SnC6F4PPh2]. Ellipsoids show 50% probability levels and 
hydrogen atoms have been omitted for clarity. Only one molecule of the asymmetric unit is shown. 
Selected bond distances for two independent molecules (Å): Sn(1)–C(6) 2.1883(14), 2.1904(15); Sn–CMethyl 
2.1379(15), 2.1414(15), 2.1478(17) and 2.1398(16), 2.1405(16), 2.1456(17). 
 
Analogously, when an ether solution of (2-bromophenyl)diphenylphosphine, prepared by the 
method shown in Scheme  2.1 C, was cooled to 0 °C and treated first with nBuLi and then 
Me3SnCl at 0 °C, {2-(trimethylstannyl)phenyl}diphenylphosphine was isolated as a 
colourless solid in ca. 80% yield (Scheme  2.4). This compound has been prepared previously 
in 57% yield by treating 1,2-dichlorobenzene with trimethylstannyllithium to give 1-chloro-2-
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(trimethylstannyl)benzene (45% yield), which was subsequently reacted with sodium 
diphenylphosphide.10 
(CH3)3SiPPh2
[PdCl2(MeCN)2]
PPh2
Br
I
Br
nBuLi
Me3SnCl
0 ºC
Li
PPh2
SnMe3
PPh2
-78 °C 
 
Scheme  2.4. Synthesis of {2-(trimethylstannyl)phenyl}diphenylphosphine. 
 
The elemental analysis of the compound having the empirical formula C21H23PSn was 
satisfactory and the ESI-mass spectrum showed a peak at m/z 427 corresponding to the 
[M+H]+ ion. The 1H NMR spectrum in CDCl3 showed, in addition to the expected aromatic 
multiplets, a resonance at δ 0.34 due to the SnMe3 group split into a doublet (J = 1.1 Hz) as a 
result of coupling with the phosphorus nuclei. Equally spaced about this resonance were 
satellites arising from coupling to the 117/119Sn nuclei of 52.9 and 55.1 Hz. The 13C NMR 
spectrum showed the expected aromatic multiplets together with the SnMe3 resonance at δ 
-6.6, split into a doublet (J = 9.0 Hz) due to coupling with the phosphorus nuclei. Equally 
spaced about the main resonance were satellites arising from the 117Sn and 119Sn isotopomers 
(J = 336 and 355 Hz). The 31P NMR spectrum showed a singlet at δ -2.5 with 117/119Sn 
satellites of 40.3 and 41.7 Hz. These data are similar to those reported in the literature,10 
acquired in C6D6; the 1H NMR spectrum shows a resonance at δ 0.27, split into a doublet of 
1.2 Hz, flanked by 119Sn satellites of 54.5 Hz and the 31P NMR spectrum a singlet at δ -2.9 
with 119Sn satellites of 42.1 Hz 
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2.2 Preparation of halide-bridged cyclometallated complexes [Pd2(µ-
X)2(κ2-2-C6F4PPh2)2] [X = Cl (1), Br (2)] 
A dichloromethane solution containing a mixture of 2-Me3SnC6F4PPh2 and [PdX2(cod)] (X= 
Cl, Br) in a 1:1 ratio was stirred at room temperature and the progress of the reaction was 
monitored by 31P NMR spectroscopy. After 2 hours, the initially red solutions had faded to 
yellow and the peaks at ca. -2 ppm in the 31P NMR spectrum due to the free tertiary 
phosphine had completely disappeared and were replaced by a pair of peaks in the region of 
-78 ppm; the resonance at lower field was always of greater intensity. From these solutions 
microcrystalline solids were isolated in ca. 83-93% yield and identified as yellow [Pd2(µ-
Cl)2(κ2-2-C6F4PPh2)2] (1) and orange-yellow [Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] (2) (Scheme  2.5). 
They are soluble in aromatic and halogenated solvents and are air-stable, both as solids and in 
solution. 
[PdX2(cod)]
Me3Sn PPh2
F F
F F
X = Cl, Br
yield 83-93%
P
Ph2
Pd
P
Ph2
Pd
X
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F
F
F
F
F P
Ph2
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X
F
F
F
F
Ph2
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PdF
F
F
F
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+
 
Scheme  2.5. Synthesis of [Pd2(µ-X)2(κ2-2-C6F4PPh2)2] [X = Cl (1), Br (2)]. 
 
The reaction of 2-Me3SnC6F4PPh2 and [PdX2(cod)] (X= Cl, Br) in a 2.5:1 ratio in refluxing 
dichloromethane over 24 hours gave the previously reported bis(chelate) complex trans-
[Pd(κ2-2-C6F4PPh2)2]5 in ca. 70% yield. Comparable yields of the bis(chelate) complex were 
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obtained when solutions of 1 or 2 were reacted with 2.5 equivalents of 2-Me3SnC6F4PPh2 
under similar reaction conditions. Both these procedures gave significantly higher yields of 
trans-[Pd(κ2-2-C6F4PPh2)2] than the literature method (30-39%) in which 2-LiC6F4PPh2 was 
reacted with [PdCl2(SEt2)2] or [PdBr2(cod)]. 
 
The elemental analyses of 1 and 2 are consistent with the expected formulae 
C36H20Cl2F8P2Pd2 and C36H20Br2F8P2Pd2, respectively. The positive ion ESI-mass spectra each 
showed peaks at m/z 971 and 1059, respectively, corresponding to the [M+Na]+ ions. The 1H 
NMR spectra show the expected multiplets at δ 6.7-7.5, due to the aromatic protons. The 31P 
NMR spectra of 1 and 2 showed two broad singlet peaks at δ -76.8, -77.5 (X = Cl) and δ -76.5 
and -77.9 (X =Br), indicating the presence of two species in solution. Each of these highly 
shielded chemical shifts in the 31P NMR spectrum is typical of a phosphorus atom in a four-
membered chelate ring.11 The relative intensity of these two singlet resonances varied in 
different preparations; the species responsible for the more shielded resonance was always the 
more abundant in both complexes. These resonances can be assigned to a pair of halide-
bridged isomers (cis and trans) in solution, as shown in Scheme  2.5. The presence of the 
trans-isomer in the solid state has been confirmed by an X-ray crystallographic study of 
complex 2 (see below). 
 
Acetone and THF solutions of 1 and 2 each show just one broad singlet at δ ca. -78 in their 
31P NMR spectra, and the highly shielded resonances confirm retention of the 2-C6F4PPh2 
chelate rings. The species present were not investigated further, but they are presumably 
mononuclear complexes of the type [PdX(solvent)(κ2-2-C6F4PPh2)] (X = Cl, Br) derived by 
cleavage of the halide-bridges in 1 and 2. The solvent probably undergoes rapid dissociative 
exchange and the original dimers were recovered unchanged when the solvent was removed 
in vacuo. 
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The complex [Pd2(µ-Cl)2(κ2-2-C6F4PPh2)2] (1) has been previously prepared by ligand 
redistribution between [PdCl2(MeCN)2] and [Pd(κ2-2-C6F4PPh2)2] in toluene at 65 °C, and 
was obtained as a cis/trans mixture, together with traces of the tetranuclear complex [Pd4(µ-
Cl)4(µ-2-C6F4PPh2)4].5 Thus, the present procedure gives 1 in higher yield and purity. 
However, if the reaction mixture is left for a further 3-4 hours, then a singlet at δ 28.7 slowly 
starts to appear due to the tetranuclear complex [Pd4(µ-Cl)4(µ-2-C6F4PPh2)4]. Similarly, the 
31P NMR spectrum of a solution of 2 that has been left for 4-5 hours shows a small peak at δ 
28.5, consistent with the tetranuclear complex [Pd4(µ-Br)4(µ-2-C6F4PPh2)4], which has been 
prepared independently by Lahuerta et al.12 These observations highlight the importance of 
the 2 hour reaction time to obtain pure samples of 1 and 2. 
 
When dichloromethane solutions of 1 and 2 are left to stand at room temperature over several 
weeks, the high field resonances at δ ca. -78 further decrease in intensity, and the peaks at δ 
ca. 28 increase together with the appearance of other peaks due to unknown species. Using a 
1:1 mixture of dichloromethane/methanol reduced this reaction time, and after 5 days, the 
tetranuclear complexes [Pd4(µ-X)4(µ-2-C6F4PPh2)4] were isolated in high purity and good 
yield (X = Cl, 51%; Br, 78%). 
 
Single crystals of complex 2 suitable for X-ray crystallographic analysis were grown from 
dichloromethane/hexane. The structure confirms the conclusions drawn from the 
spectroscopic evidence and shows the presence of the trans-isomer. The structure of trans-
[Pd2(µ-Cl)2(κ2-2-C6F4PPh2)2] (trans-1) obtained from a single crystal grown from the same 
solvent mixture appeared to be similar to trans-2 but could not be fully refined. 
Unfortunately, both structures suffer from a similar crystallographic disorder problem. The 
bromo-complex crystallises with dichloromethane as a 9× superstructure. From the 
crystallographic point of view this structure is regarded as a commensurate modulation of a 
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Z = 1 parent structure with one ninth the cell volume. The molecular structure of trans-2 is 
shown in Figure  2.2; selected bond distances and angles for one independent molecule are 
listed in Table 2.1. 
 
Figure  2.2. Molecular structure of trans-[Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] (trans-2), one of the 4.5 independent 
molecules in the asymmetric unit. Ellipsoids show 30% probability levels. Hydrogen atoms and 
dichloromethane of crystallisation have been omitted for clarity. 
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Table  2.1. Selected bond distances (Å) and angles (°) in trans-[Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] (trans-2). 
Pd(2)–P(2) 2.214(3) Pd(2)–C(24) 2.013(4) 
Pd(2)–Br(3) 2.524(2) Pd(2)–Br(2) 2.501(2) 
Pd(3)–Br(3) 2.517(2) Pd(3)–Br(2) 2.518(2) 
Pd(3)–C(42) 2.011(4) Pd(3)–P(3) 2.216(4) 
P(2)–C(19) 1.795(5) P(3)–C(37) 1.772(5) 
    
P(2)–Pd(2)–C(24)  69.5(2) P(3)–Pd(3)–C(42) 69.3(2) 
Br(3)–Pd(3)–Br(2)  88.3(1) Br(2)–Pd(2)–Br(3) 88.6(1) 
Pd(2)–Br(3)–Pd(3) 91.2(1) Pd(3)–Br(2)–Pd(2) 91.8(1) 
Br(3)–Pd(3)–C(42) 101.5(1) Br(3)–Pd(2)–P(2) 100.8(1) 
Br(2)–Pd(2)–C(24) 101.2(1) Br(2)–Pd(3)–P(3) 101.0(1) 
P(2)–Pd(2)–Br(2)  170.4(1) P(3)–Pd(3)–Br(3)  170.0(1) 
C(42)–Pd(3)–Br(2)  169.8(1) C(24) –Pd(2)–Br(3) 170.2(1) 
 
The structure of trans-2 consists of two palladium atoms bridged by two bromine atoms; each 
palladium atom is bound to one chelated 2-C6F4PPh2 group and two bromine atoms in 
approximately square-planar coordination. The two [Pd(κ2-2-C6F4PPh2)] fragments are 
coplanar, the phosphorus and carbon atoms of the metallated tertiary phosphine ligand being, 
separately, mutually trans across the planar Pd2(µ-Br)2 unit. The distortion from idealised 
square planar geometry about the metal centres in trans-2 is a consequence of the narrow bite 
angle of the chelate groups around the metal atoms. The bite angles P(2)–Pd(2)–C(24) 
[69.5(2)º] and P(3)–Pd(3)–C(42) [69.3(2)º] are typical of those usually found for ortho-
metallated complexes derived from PPh3.11 The same feature is observed in all the 2-
C6F4PPh2 complexes derived from complex 2 which are described in this thesis. The Pd–Br 
bond distances [2.517(av.) Å] compare well with the distances in the phosphonium salt of 
hexabromodipalladate, [Ph3PNSPh2]2[Pd2Br6], [2.449(av.) Å]13 and in [Pd4(µ-Br)4(µ-2-
C6H4PPh2)4] [2.536(av.) Å].14 The Pd–P [2.214(3) Å, 2.216(4) Å] and Pd–C [2.013(4) Å, 
2.011(4) Å] bond distances and the Pd–Br–Pd angles [91.8(1)º, 91.2(1)º] are unexceptional 
and similar to those reported for the tetrameric species [Pd4(µ-Br)4(µ-2-C6H4PPh2)4] 
 67 
[2.232(2) Å, 2.023(8) Å and 91.80(3)º, respectively].14 The large Pd…Pd separation in trans-2 
(ca. 3.6 Å) suggests there is no interaction between the metal centres. 
 
The only product that could be isolated from the reaction of [PdBr2(cod)] with 2-
Me3SnC6H4PPh2 in dichloromethane, either at room temperature or on heating for 24 hours, 
was [Pd4(µ-Br)4(µ-2-C6H4PPh2)4],14 identified by 31P NMR spectroscopy and elemental 
analysis. However, the reaction was not clean and the yield of the tetramer was only ca. 20%. 
When the reagents were mixed at room temperature, a number of peaks in the region δ ca. -80 
were observed, some of which may be due to cis- or trans-[Pd2(µ-Br)2(κ2-2-C6H4PPh2)2] 
analogous to the 2-C6F4PPh2 compound 2, but these disappeared after a few hours. 
 
2.3 Anion exchange reactions of [Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] (2) 
2.3.1 Formation of [Pd2(µ-OAc)2(κ2-2-C6F4PPh2)2] (3) and [Pd2(µ-OBz)2(κ2-2-
C6F4PPh2)2] (4) 
The reaction of a dark yellow dichloromethane solution of 2 with ca. 2.5 equivalents of silver 
acetate or benzoate at room temperature for 30 minutes caused silver bromide to precipitate. 
The complexes [Pd2(µ-OAc)2(κ2-2-C6F4PPh2)2] (3) and [Pd2(µ-OBz)2(κ2-2-C6F4PPh2)2] (4) 
were isolated from the supernatant liquids in ca. 75% yield as pale yellow solids (Scheme 
 2.6). They are soluble in aromatic and halogenated solvents and are air-stable both as solids 
and in solution. 
 
 68 
P
Ph2
Pd
Br
Br
F
F
F
F
Ph2
P
PdF
F
F
F
AgOAc or AgOBz
P
Ph2
Pd
F
F
F
F
Ph2
P
PdF
F
F
F
O
O
O
O
R
R
R = Me (3), Ph (4)2
 
Scheme  2.6. Synthesis of [Pd2(µ-Y)2(κ2-2-C6F4PPh2)2] [Y = OAc (3), OBz (4)]. 
 
Complexes 3 and 4 gave satisfactory elemental analyses and their ESI-mass spectra showed 
peaks at m/z 1019 and 1145, respectively, corresponding to the [M+Na]+ ions. The IR 
spectrum of the acetato complex 3, recorded as a KBr disk, showed bands at 1421 and 1567 
cm-1 due to symmetric and asymmetric ν(COO) vibrations, respectively, the separation of 
which is typical of bridging acetate.15 There was no evidence for the formation of a 
mononuclear species containing chelating 2-C6F4PPh2 and OAc groups. The 31P NMR spectra 
of 3 and 4 each showed only a broad singlet peak with unresolved fluorine coupling at δ -73.9 
and δ -74.3, respectively, confirming that the four-membered chelate rings are retained. The 
1H NMR spectrum of 3 showed, in addition to the expected aromatic multiplets, a singlet 
resonance at δ 2.3 due to the methyl protons of the equivalent acetate groups. 
 
Slow evaporation of a dichloromethane/benzene solution of 3 gave a mixture of light and dark 
yellow crystals, which were studied by X-ray crystallography. The light yellow crystals were 
shown to be complex 3, and the structure is shown in Figure  2.3. The dark yellow crystals 
proved to be an isomer containing bridging 2-C6F4PPh2 (complex 5, see Section 2.3.1.1). The 
benzoato complex 4 gave light yellow crystals from dichloromethane/benzene, and the 
structure is shown in Figure  2.4. Selected bond distances and angles for 3 and 4 are collected 
in Table  2.2. 
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Figure  2.3. Molecular structure of [Pd2(µ-OAc)2(κ2-2-C6F4PPh2)2] (3). The structure contains 0.5 benzene 
molecules in the asymmetric unit. Ellipsoids show 50% probability levels. Hydrogen atoms and solvent 
molecules have been omitted for clarity and the phenyl rings of the PPh2 groups only show the ipso 
carbons. 
 
 
Figure  2.4. Molecular structure of [Pd2(µ-OBz)2(κ2-2-C6F4PPh2)2] (4). Ellipsoids show 50% probability 
levels. Hydrogen atoms have been omitted for clarity and the phenyl rings of the PPh2 groups only show 
the ipso carbons. 
 
 70 
Table  2.2. Selected bond distances (Å) and angles (°) in [Pd2(µ-OAc)2(κ2-2-C6F4PPh2)2] (3) and [Pd2(µ-
OBz)2(κ2-2-C6F4PPh2)2] (4). 
 3 4 
Pd(1)–Pd(2)   2.98971(13) 2.96274(15) 
Pd(1)–P(1) 2.2318(3) 2.2247(4) 
Pd(2)–P(2) 2.2294(3) 2.2115(4) 
Pd(1)–C(6) 1.9886(13) 1.9901(14) 
Pd(2)–C(24) 1.9951(14) 1.9886(14) 
Pd(1)–O(1) 2.0988(9) 2.0886(10) 
Pd(1)–O(3) 2.0951(10) 2.0938(11) 
Pd(2)–O(2) 2.0930(10) 2.0836(11) 
Pd(2)–O(4)  2.1043(9) 2.0981(10) 
P(1)–Pd(1)–C(6) 69.93(4) 69.76(4) 
C(24)–Pd(2)–P(2) 69.92(4) 69.83(4) 
O(3)–Pd(1)–O(1) 91.50(4) 89.28(4) 
O(1)–Pd(1)–C(6) 96.57(5) 98.05(5) 
O(3)–Pd(1)–P(1) 101.27(3) 102.53(3) 
C(24)–Pd(2)–O(4) 97.65(5) 98.22(5) 
O(2)–Pd(2)–O(4) 91.08(4) 91.38(4) 
P(2)–Pd(2)–O(2) 100.92(3) 99.78(3) 
O(1)–Pd(1)–P(1) 164.69(3) 165.72(3) 
O(3)–Pd(1)–C(6) 170.01(4) 171.99(5)   
O(2)–Pd(2)–C(24) 170.76(5) 169.33(5) 
O(4)–Pd(2)–P(2) 163.48(3) 163.00(3) 
 
The structures of 3 and 4 are similar to that of trans-2, and contain a pair of palladium atoms 
each coordinated to a chelate κ2-2-C6F4PPh2 ligand and bridged by two carboxylate groups. 
Unlike trans-2, however, the chelate rings do not lie along the Pd–Pd axis, but are stacked 
orthogonally to it, an arrangement similar to that observed in the µ-acetato o-palladated N-
donor complexes [Pd2(µ-OAc)2(κ2-C,N-2-C6H4C5H4N)2]16 and [Pd2(µ-OAc)2(κ2-C,N-
C13H8N)2]17 derived from 2-phenylpyridine and benzoquinoline, respectively. The geometry 
around the two palladium atoms in 3 and 4 is distorted square planar and the small bite angles 
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of ca. 69° due to the ortho-metallated phosphine ligands11 are similar to those in trans-2. The 
Pd…Pd separations in 3 and 4 [2.98971(13) Å and 2.96274(15) Å, respectively] are 
considerably longer than those in the cyclopalladated N-donor complexes (ca. 2.85 Å), for 
which an attractive interaction between the metal atoms was suggested.16 Thus, although the 
Pd…Pd distances in 3 and 4 are considerably shorter than that in complex trans-2, the Pd…Pd 
interaction in 3 and 4 is still probably weak. 
 
2.3.1.1 Formation of [Pd2(µ-OAc)2(µ-2-C6F4PPh2)2] (5) 
When a 1:1 toluene/methanol solution of [Pd2(µ-OAc)2(κ2-2-C6F4PPh2)2] (3) was left at room 
temperature, the intensity of the high-field signal in the 31P NMR spectrum (δ -75.4) 
decreased, and a new peak at δ 15.6 slowly appeared. Monitoring the reaction by 31P NMR 
spectroscopy showed that, after 4 days, the intensity of the latter had increased. After several 
weeks, the peak at δ -75.4 had completely disappeared and the more intense resonance at δ 
15.6 was now accompanied by several additional resonances at δ 24, 34, 49.7, 63.7, 114.4, 
and an intense peak at δ 53.3. The peak at δ 15.6 is consistent with the isomeric compound 
[Pd2(µ-O2CCH3)2(µ-2-C6F4PPh2)2] (5) (Scheme  2.7), which has been prepared independently 
by Lahuerta et al.12 [δP (CDCl3) 15.5], from the reaction of [Pd4(µ-Br)4(µ-2-C6F4PPh2)4] with 
silver acetate. 
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Scheme  2.7. Reaction used to form [Pd2(µ-OAc)2(µ-2-C6F4PPh2)2] (5). 
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Although this isomerisation reaction was not clean, the assignment was confirmed by two X-
ray diffraction studies. A crystal obtained from a toluene/methanol solution of 3 that had been 
left to isomerise gave an unsolvated modification of complex 5 that crystallised in the 
orthorhombic space group Pna21, while the other, from a dichloromethane/benzene solution 
of 3 (see above, Section 2.3.1), gave a benzene solvate of 5, which crystallised in the 
monoclinic space group C2/c. This latter crystal modification was in the same space group as 
that reported by Lahuerta et al.,12 and possesses similar, although not identical, cell 
dimensions. The slight differences between these two structures might arise from unrefined 
solvent in the literature structure, consistent with its relatively high R-factor (8.56% for the 
observed reflections). The molecular dimensions of the three crystal forms do not differ 
significantly, hence only the monoclinic modification of 5, shown in Figure  2.5 together with 
selected bond lengths and angles (Table  2.3), will be discussed further; the metrical 
parameters for the orthorhombic modification are listed in Appendix 1. 
 
Figure  2.5. Molecular structure of [Pd2(µ-OAc)2(µ-2-C6F4PPh2)2] (5), benzene solvate. The structure 
contains 0.5 benzene molecules in the asymmetric unit. Ellipsoids show 50% probability levels. Hydrogen 
atoms and solvent of crystallisation have been omitted for clarity. The phenyl rings of the PPh2 groups 
only show the ipso carbons. 
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Table  2.3. Selected bond distances (Å) and angles (°) in [Pd2(µ-OAc)2(µ-2-C6F4PPh2)2] (5), benzene solvate. 
Pd(1)–Pd(1*)  2.68159(15)   
Pd(1)–O(1)  2.1103(8) Pd(1)–P(1*)  2.2357(3) 
Pd(1)–C(6) 1.9836(9) Pd(1)–O(2*) 2.0928(8) 
    
O(2*)–Pd(1)–P(1*) 90.35(2) C(6)–Pd(1)–O(1)  89.56(4) 
O(2*)–Pd(1)–O(1)  88.17(3) C(6)–Pd(1)–P(1*)  91.71(3) 
C(6)–Pd(1)–O(2*) 176.72(4) O(1)–Pd(1)–P(1*)  175.03(2) 
 * Symmetry operation equivalent atoms 
 
The structure of 5 consists of a pair of palladium atoms bridged by two orthogonally oriented 
2-C6F4PPh2 ligands in a head-to-tail arrangement and two bridging acetate ligands in a typical 
lantern or paddle-wheel type structure. The geometry about the metal atoms is distorted 
square planar and the Pd…Pd separation is 2.68159(15) Å which, as a consequence of the four 
bridging groups, is ca. 0.3 Å smaller than the corresponding distance in 3 [2.98971(13) Å], 
and may indicate a stronger metal–metal interaction. The separation of ca. 2.6 Å in 5 also falls 
in the range 2.55–2.74 Å observed in binuclear Pd(II) complexes containing four bridging 
ligands with N–N, N–O, N–S, and S–S donor sets.18 
 
2.3.2 Preparation of [Pd2(µ-SCN)2(κ2-2-C6F4PPh2)2] (6) 
Similar to the preparation of [Pd2(µ-OAc)2(κ2-2-C6F4PPh2)2] (3) and [Pd2(µ-OBz)2(κ2-2-
C6F4PPh2)2] (4),  reaction of [Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] (2) with ca. 2.5 equivalents of 
silver thiocyanate at room temperature gave the complex [Pd2(µ-SCN)2(κ2-2-C6F4PPh2)2] (6) 
in 84% yield as a pale yellow solid (Scheme  2.8). The compound is easily soluble in aromatic 
and halogenated solvents and is air-stable both as a solid and in solution. 
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Scheme  2.8. Synthesis of [Pd2(µ-SCN)2(κ2-2-C6F4PPh2)2] (6). 
 
Elemental analysis was consistent with the proposed empirical formula and the positive ion 
ESI-mass spectrum showed a peak at m/z 1017, corresponding to the [M+Na]+ ion. The IR 
spectrum of complex 6 showed a ν(C≡N) stretching band at 2142 cm-1 which falls in the 
region typical of bridging thiocyanate;15 a similar band has been observed at 2120 cm-1 for the 
structurally characterised complex [(PhCH2)PPh3]2[Pd2(µ-SCN)2(C6H2-2,4,6-F3)4].19 The 31P 
NMR spectrum of 6 contained the expected highly shielded singlet resonance at δ -78.2, 
confirming retention of the four-membered chelate rings.11,20 The 1H NMR spectrum showed 
the expected aromatic multiplets due to the phenyl groups. 
 
Single crystals of 6 suitable for X-ray crystallographic analysis were grown from 
dichloromethane/hexane; the molecular structure is shown in Figure  2.6 and selected bond 
distances and angles are listed in Table  2.4. 
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Figure  2.6. Molecular structure of [Pd2(µ-SCN)2(κ2-2-C6F4PPh2)2] (6). Ellipsoids show 50% probability 
levels. Hydrogen atoms have been omitted for clarity and only the atoms in the chelate ring of the 
crystallographically generated half of the molecule is shown. Selected Symmetry operation equivalent 
atoms are depicted and their labels are asterisked. 
 
Table  2.4. Selected bond distances (Å) and angles (°) in [Pd2(µ-SCN)2(κ2-2-C6F4PPh2)2] (6). 
Pd(1)–P(1) 2.2594(8) Pd(1)–S(1)  2.3980(8) 
Pd(1)–C(6) 2.015(3) Pd(1)–N(1*)  2.060(2) 
S(1)–C(19) 1.661(3) C(19)–N(1) 1.158(4) 
    
P(1)–Pd(1)–C(6) 69.84(9) N(1*)–Pd(1)–S(1)  94.24(7) 
C(6)–Pd(1)–S(1)  95.14(9) P(1)–Pd(1)–N(1*)  100.86(7) 
C(6)–Pd(1)–N(1*) 170.12(11) Pd(1*)–N(1)–C(19)  165.6(2) 
 * Symmetry operation equivalent atoms 
 
The structure of 6 is similar to that of trans-[Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] (trans-2) described 
previously. Each metal centre is bound to a chelated 2-C6F4PPh2 ligand, and the metal centres 
are bridged by two thiocyanate groups in a head-to-tail arrangement such. The phosphorus 
atoms of the chelating 2-C6F4PPh2 ligands are trans to the sulfur atoms of the SCN bridges, 
thus completing square planar coordination about each palladium atom. The two four-
membered chelate rings are coplanar and the thiocyanate ligands show almost perfect linear 
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geometry, the S(1)–C(19)–N(1) angle being 178.8(3)°. The Pd…Pd separation of ca. 5.6 Å is 
significantly greater than that in trans-2 (ca. 3.6 Å), as expected for the larger size of the SCN 
group compared to bromide.  
 
2.3.3 Dimerisation of [Pd2(µ-SCN)2(κ2-2-C6F4PPh2)2] (6) 
When a toluene solution of 6 was heated at 60 °C for 3-5 hours, the initial pale yellow colour 
faded to almost colourless. The reaction was monitored via 31P NMR spectroscopy and during 
this time, in addition to the peak at δ ca. -78 due to the complex 6 there appeared a peak at δ 
ca. +20. The product, [Pd4(µ-SCN)4(κ2-2-C6F4PPh2)2(µ-2-C6F4PPh2)2] (7), was obtained as a 
pale yellow solid in ca. 75% yield (Scheme  2.9). It is sparingly soluble in aromatic and 
halogenated solvents and is air-stable both as a solid and in solution. 
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Scheme  2.9. Formation of [Pd4(µ-SCN)4(κ2-2-C6F4PPh2)2(µ-2-C6F4PPh2)2] (7). 
 
The elemental analysis of 7 is consistent with an empirical formula identical with that of its 
precursor. The positive ion ESI mass spectrum shows a peak at m/z 1991, corresponding to 
the [M]+ ion. The IR spectrum of 7 exhibits two strong ν(C≡N) stretching bands at 2143 and 
2157 cm-1, as compared to one strong stretching band at 2142 cm-1 for complex 6. These 
stretching bands fall in the region typical for bridging thiocyanates.15 The 31P NMR spectrum 
of 7 shows a pair of equally intense singlets at δ +19.5 and δ -78.0, indicating the presence of 
two different phosphorus environments. The highly shielded resonance is typical of chelate 2-
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C6F4PPh2 and the resonance at δ +19.5 is presumably due to an equal number of bridging 2-
C6F4PPh2 groups, consistent with the formulation [Pd4(µ-SCN)4(κ2-2-C6F4PPh2)2(µ-2-
C6F4PPh2)2]. The 1H NMR spectrum showed the expected aromatic multiplets due to the 
phenyl groups. Under prolonged heating, no further ring opening was observed. 
 
Single crystals of 7 suitable for X-ray crystallographic analysis were grown from 
dichloromethane/hexane. The structure of 7 is shown in Figure  2.7 and selected bond lengths 
and angles are listed in Table 2.5. 
 
 
Figure  2.7. Molecular structure of [Pd4(µ-SCN)4(κ2-2-C6F4PPh2)2(µ-2-C6F4PPh2)2] (7). Ellipsoids show 
50% probability levels. Hydrogen atoms have been omitted for clarity. 
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Table  2.5. Selected bond distances (Å) and angles (°) in [Pd4(µ-SCN)4(κ2-2-C6F4PPh2)2(µ-2-C6F4PPh2)2] (7). 
Pd(2)–Pd(3) 2.9532(3)   
Pd(1)–C(6) 2.015(3) P(1)–S(1) 2.3852(9) 
Pd(4)–C(64) 1.999(3) Pd(2)–S(2) 2.3959(9) 
Pd(2)–C(44) 1.999(3) Pd(3)–S(3) 2.4008(8) 
Pd(3)–C(26) 2.010(3) Pd(4)–S(4) 2.3908(8) 
P(1)–Pd(1) 2.2576(9) Pd(1)–N(2) 2.066(3) 
P(2)–Pd(2) 2.2736(8) Pd(2)–N(1) 2.051(3) 
P(3)–Pd(3) 2.2893(8) Pd(4)–N(4) 2.078(3) 
P(4)–Pd(4) 2.2734(8) Pd(3)–N(3) 2.028(3) 
    
N(1)–Pd(2)–S(2) 92.60(8) P(3)–Pd(3)–C(26)  90.47(9) 
S(2)–Pd(2)–C(44) 86.06(9) C(26)–Pd(3)–S(3) 84.93(9) 
C(44)–Pd(2)–P(2) 88.57(9) N(1)–Pd(2)–S(2) 92.60(8) 
P(2)–Pd(2)–N(1) 93.05(8) S(2)–Pd(2)–C(44) 86.06(9) 
S(3)–Pd(3)–N(3) 91.85(8) P(1)–Pd(1)–C(6) 69.84(10) 
N(3)–Pd(3)–P(3) 92.95(8) P(4)–Pd(4)–C(64) 92.28(10) 
 
The tetranuclear structure can be regarded as consisting of two molecules of the dinuclear 
complex 6 in which two 2-C6F4PPh2 chelate rings have opened at one end to bridge two 
palladium centres, in this way connecting the two molecules. Thus, two palladium atoms at 
one end have two chelated 2-C6F4PPh2 ligands while the other two are connected by the 
bridging 2-C6F4PPh2 groups. The four thiocyanate groups in 7 bridge the palladium centres in 
the same head-to-tail orientation as in 6 with the phosphorus atoms of the four 2-C6F4PPh2 
groups being trans to the respective sulfur atoms. The four-membered ring angle, P(1)–Pd(1)–
C(6), is similar to that in complex 6 (ca. 70º). As a consequence of the two bridging 2-
C6F4PPh2 ligands in 7, the Pd(2) …Pd(3) separation (ca. 2.95 Å) is significantly smaller than 
the separation of the two palladium atoms containing chelate 2-C6F4PPh2 ligands 
[Pd(1)…Pd(4) ca. 4.5 Å]. 
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2.4 Anion exchange reaction of [Pd2(µ-OAc)2(κ2-2-C6F4PPh2)2] (3) with 
sodium iodide 
When a dichloromethane solution of [Pd2(µ-OAc)2(κ2-2-C6F4PPh2)2] (3) was treated at room 
temperature with an excess of sodium iodide in methanol, the initial yellow colour of the 
solution darkened to reddish-brown. A dark red, microcrystalline precipitate, [Pd2(µ-I)2(κ2-2-
C6F4PPh2)2] (8), was isolated in ca. 80% yield (Scheme  2.10). Compound 8 is soluble in 
aromatic and halogenated solvents and is air-stable, both as a solid and in solution. It could 
also be formed from the reaction of sodium iodide with [Pd2(µ-Cl)2(κ2-2-C6F4PPh2)2] (1) or 
[Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] (2) but other, unidentified products were also present. 
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Scheme  2.10. Anion exchange reaction to give [Pd2(µ-I)2(κ2-2-C6F4PPh2)2] (8). 
 
Elemental analysis of compound 8 was consistent with the empirical formula and the ESI-
mass spectrum showed a peak at m/z 1155, corresponding to the [M+Na]+ ion. The 31P NMR 
spectrum showed two broad singlet resonances at δ -81.1 and -78.2, which can be assigned to 
cis- and trans-isomers, similar to those of the chloro- and bromo-analogues. As observed for 
the syntheses of 1 and 2, repeated preparations of 8 gave the cis- and trans-isomers in varying 
proportions. Complex 8 was difficult to isolate in a pure state, and the 31P NMR spectrum 
sometimes showed a pair of poorly resolved multiplets in the region δ 20 which probably 
arise from opening of the chelate rings. A third resonance at δ ca. -80 was also observed, 
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which may be due to the chelate 2-C6F4PPh2 groups of a tetranuclear complex to be discussed 
later. 
 
Several attempts to grow single crystals of [Pd2(µ-I)2(κ2-2-C6F4PPh2)2] (8) in various solvent 
mixtures were not successful. However, on two separate occasions, single crystals suitable for 
X-ray crystallographic study were obtained from dichloromethane/hexane and proved to be 
tetranuclear species formed by dimerisation of 8, namely, [Pd4(µ-I)4(µ-2-C6F4PPh2)4] (9) and 
[(κ2-2-C6F4PPh2)Pd(µ-I)(µ-2-C6F4PPh2)Pd(µ-I)2Pd(µ-I)(µ-2-C6F4PPh2)Pd(κ2-2-C6F4PPh2)] 
(10), as shown in Scheme  2.11. 
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Scheme  2.11. Facile dimerisation of [Pd2(µ-I)2(κ2-2-C6F4PPh2)2] (8). 
 
The molecular structure of 9 is shown in Figure 2.8, together with selected bond lengths and 
angles.  The molecular structure of 10 is shown in Figure 2.9 and selected metrical parameters 
listed in Table 2.6. 
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Figure  2.8. Molecular structure of [Pd4(µ-I)4(µ-2-C6F4PPh2)4] (9). Ellipsoids show 50% probability levels. 
Hydrogen atoms have been omitted for clarity. Asterisks denote atoms generated by symmetry. Selected 
bond distances (Å) and angles (°): Pd(1)–Pd(1)*2 3.0841(3), Pd(1)–I(1) 2.6525(2), Pd(1)*1–I(1) 2.6813(2), 
Pd(1)–P(1) 2.2542(6), Pd(1)–C(6)*2 2.039(2), Pd(1)–I(1)–Pd(1)*1 90.907(7). 
 
[Pd4(µ-I)4(µ-2-C6F4PPh2)4] (9) is structurally similar to the tetranuclear complexes [Pd4(µ-
X)4(µ-2-C6H4PPh2)4] (X = Cl, Br),14, 21 and consists of two almost eclipsed Pd(µ-I)2Pd units 
stacked above one another. The two palladium atoms at each end are coordinated to two 
bridging 2-C6F4PPh2 ligands in a head-to-tail arrangement and the metal centres display 
distorted square planar geometry. Complex 9 is presumably formed by facile ring-opening 
and dimerisation of complex 8. The large separation between the two palladium atoms 
bridged by the two C6F4PPh2 groups [3.0841(3) Å] confirms that there is no formal Pd–Pd 
bond, and is similar to those observed in [Pd4(µ-X)4(µ-2-C6H4PPh2)4] [X = Br (3.07 Å), Cl 
(3.09 Å)].14, 21 The separation between the two palladium atoms in the Pd2(µ-I)2 units are 
significantly larger (ca. 3.8 Å). The Pd–P and Pd–C bond lengths are 2.2542(6) Å and 
2.039(2) Å, respectively, which are slightly larger than those found in [Pd4(µ-X)4(µ-2-
 82 
C6H4PPh2)4] [X = Br, Pd–P 2.232(2) Å Pd–C 2.023(8) Å; Cl, Pd–P 2.2258(8) Å Pd–C 
2.019(3) Å]. The bridging iodide ligands are asymmetrically bound in the Pd2(µ-I)2 units; the 
Pd–I bond length trans to phosphorus [2.6525(2) Å] is slightly shorter than that trans to 
carbon [2.6813(2) Å], consistent with the higher trans influence of σ-carbon donor groups. 
The same trend has been observed in the dinuclear palladium complexes [Pd2(µ-
I)2(PPh3)2(C6H4-4-PPh3)2][OTf]2 [trans to P, 2.6566(3) Å; trans to C, 2.7088(3) Å]22 and anti-
[Pd2(µ-I)2(Ph)2(PPh3)2] [trans to P, 2.6645(4) Å; trans to C, 2.7185(3) Å].23 The Pd(1)–I(1)–
Pd(1)*1 angle in 9 is 90.907(7)° which is as expected and comparable to the corresponding 
angles in similar complexes, e.g., [Pd4(µ-Br)4(µ-2-C6H4PPh2)4] [91.80(3)°],14 [Pd2(µ-
I)2(PPh3)2(C6H4-4-PPh3)2][OTf]2 [93.633(8)°],22 and anti-[Pd2(µ-I)2(Ph)2(PPh3)2] 
[92.68(1)°].23 
 
 
Figure  2.9. Molecular structure of [(κ2-2-C6F4PPh2)Pd(µ-I)(µ-2-C6F4PPh2)Pd(µ-I)2Pd(µ-I)(µ-2-
C6F4PPh2)Pd(κ2-2-C6F4PPh2)] (10). Hydrogen atoms and dichloromethane of crystallisation, have been 
omitted for clarity. Ellipsoids show 50% probability levels. Asterisks denote atoms generated by 
symmetry. 
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Table  2.6. Selected bond distances (Å) and angles (°) in [(κ2-2-C6F4PPh2)Pd(µ-I)(µ-2-C6F4PPh2)Pd(µ-
I)2Pd(µ-I)(µ-2-C6F4PPh2)Pd(κ2-2-C6F4PPh2)] (10). 
Pd(1)–Pd(2)  3.0305(8)   
Pd(1)–I(1) 2.6808(7) Pd(2)–C(24) 1.997(7) 
Pd(1)–C(6) 2.059(8) I(1)–Pd(2) 2.6176(7) 
Pd(1)–P(1) 2.2647(19) I(2)–Pd(2)  2.6074(7) 
Pd(1)–P(2) 2.326(2) Pd(2)–I(2)*  2.7009(7) 
I(2)–Pd(2)*  2.7009(7)   
    
Pd(2)–I(1)–Pd(1)  69.76(2) I(2)–Pd(2)–C(24) 89.8(2) 
I(1)–Pd(2)–C(24) 87.6(2) I(2)–Pd(2)–I(2)* 86.75(2) 
Pd(2)–I(2)–Pd(2)* 93.25(2)   
 * Symmetry operation equivalent atoms 
 
Complex 10, which may be an intermediate in the dimerisation of 8 to 9, consists of four 
palladium atoms in a zig-zag arrangement. In half of the structure, two metal atoms are 
bridged by a 2-C6F4PPh2 group and an iodide ligand; one of the palladium atoms is 
coordinated by a chelate 2-C6F4PPh2 group and the other by two bridging iodide ligands to a 
second dinuclear unit. Furthermore, in each half, the two phosphorus atoms are cis to each 
other. The geometry about the palladium atoms is distorted square planar, as expected. As a 
consequence of the bridging 2-C6F4PPh2 ligand, the Pd(1)…Pd(2) separation [3.0305(9) Å] is 
significantly smaller than the corresponding separation in 9 [Pd(1)–Pd(1)*2, 3.0841(3) Å] and 
also smaller than those reported for [Pd4(µ-X)4(µ-2-C6H4PPh2)4] [X = Br (3.07 Å), Cl (3.09 
Å)].14, 21 This close proximity is also manifested in the Pd(1)–I(1)–Pd(2) angle [69.76(2)°], 
which is significantly smaller than the Pd(2)–I(2)–Pd(2)* angle [93.25(2)°] in the Pd2(µ-I)2 
unit; the latter angle is comparable to the Pd–I–Pd angle observed in 9 [90.907(7)°]. The Pd–P 
bond lengths in the chelate rings [2.2647(19) Å] are significantly shorter than those in the 
bridging groups [2.326(2) Å] while the reverse trend is apparent for the Pd–C bond lengths 
[2.059(8) Å and 1.997(7) Å, respectively]. The bridging iodide ligands are asymmetrically 
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bound between the two palladium atoms; the Pd–I bond lengths trans to either phosphorus or 
carbon [2.6808(7) Å and 2.7009(7) Å, respectively] being significantly longer than those 
trans to iodide [2.6176(7) Å and 2.6074(7) Å], presumably because the palladium atoms are 
held in a closer contact by the carbanionic ligands. 
 
2.5 Reaction of [Pd2(µ-X)2(κ2-2-C6F4PPh2)2] [X= Cl (1), Br (2)] with 
acetonitrile 
When solutions of [Pd2(µ-X)2(κ2-2-C6F4PPh2)2] [X = Cl (1), Br (2)] in acetonitrile are set 
aside overnight, ring opening and halide-bridge cleavage takes place to give the complexes 
[Pd2X2(MeCN)2(µ-2-C6F4PPh2)2] [X = Cl (11), Br (12)] as dark yellow precipitates in ca. 80-
90% yield (Scheme  2.12). Both complexes are air-stable and sparingly soluble in aromatic 
and halogenated solvents. 
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Scheme  2.12. Reaction of [Pd2(µ-X)2(κ2-2-C6F4PPh2)2] [X= Cl (1), Br (2)] with MeCN. 
 
The ESI-mass spectra of complexes 11 and 12 show peaks at m/z 997 and 1121, respectively, 
corresponding to the [M-Cl]+ and [M]+ ions, and the elemental analyses are consistent with the 
proposed empirical formula. Both complexes show a broad singlet at δ ca. 27 in their 31P 
NMR spectra (in C6D6), confirming the bridging mode of coordination of the 2-C6F4PPh2 
ligand. The 1H NMR spectra show, in addition to the expected aromatic multiplets between δ 
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6.7-8.1, a singlet resonance at δ ca. 0.6 due to the methyl resonances of the coordinated 
acetonitrile ligands. The IR spectra of complexes 11 and 12, obtained as KBr discs, both show 
a strong band at ca. 2300 cm-1 due to ν(C≡N), which is typical of N-bonded acetonitrile.15  
 
Crystals of 11 and 12 suitable for X-ray crystallographic analysis were grown by slow 
evaporation of acetonitrile or layering a benzene solution with hexane, respectively. Crystals 
of the iodo-analogue [Pd2I2(MeCN)2(µ-2-C6F4PPh2)2] (13) were unexpectedly obtained from 
the crystallisation of an acetonitrile solution of [PdI(κ2-2-C6F4PPh2)(FcPPh2)] (21) with 
hexane (see Section 2.8.1). The molecular structure of 11 is shown in Figure  2.10 and selected 
bond lengths and angles for complexes 11-13 are collected in Table  2.7. Complexes 11-13 are 
isomorphous (monoclinic, space group C2/n) and crystallise with either one water (11) or one 
benzene (12 and 13) molecule. A different crystal modification of 12 was obtained by slow 
evaporation of an acetonitrile solution (monoclinic, space group P21/n) and, in general, the 
metrical parameters of this form are comparable to those obtained from benzene/hexane, 
although there are some minor differences. For example, the Pd…Pd separation is ca. 0.02 Å 
and the P–Pd–Br angle ca. 3.5° smaller in the C2/n modification compared to those in the 
P21/n modification. The latter isomorph will not be discussed further, but the metrical 
parameters are listed in Appendix 2. 
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Figure  2.10. Molecular structure of [Pd2Cl2(MeCN)2(µ-2-C6F4PPh2)2] (11). Ellipsoids show 50% 
probability levels and hydrogen atoms and water of crystallisation have been omitted for clarity. Only the 
ipso carbons of the PPh2 groups are shown. The acetonitrile ligands are two-fold disordered. 
 
Table  2.7. Selected bond distances (Å) and angles (°) in [Pd2X2(MeCN)2(µ-2-C6F4PPh2)2] [X = Cl (11), Br 
(12), I (13)]. 
 X = Cl (11) X = Br (12) X = I (13) 
Pd(1)–Pd(1)* 2.94049(17) 3.0184(3) 3.0484(2) 
Pd(1)–P(1)* 2.2693(3) 2.2653(6) 2.2817(4) 
Pd(1)–C(6) 1.9895(11) 2.001(2) 2.0006(14) 
Pd(1)–N(1) 2.0734(11) 2.072(2) 2.0710(13) 
Pd(1)–X(1) 2.3649(3) 2.4976(3) 2.65809(15) 
    
P(1)*–Pd(1)–C(6) 87.20(3) 88.05(7) 88.57(4) 
P(1)*–Pd(1)–N(1) 97.69(3) 93.96(6) 93.58(4) 
C(6)–Pd(1)–X(1) 87.48(3) 86.69(6) 86.89(4) 
N(1)–Pd(1)–X(1) 87.63(3) 91.07(6) 90.70(4) 
P(1)*–Pd(1)–X(1) 173.786(12) 174.125(18) 174.972(11) 
C(6)–Pd(1)–N(1) 175.11(4) 174.92(9) 173.37(6) 
Pd(1)–N(1)–C(19) 162.5(3) 177.6(2) 178.00(14) 
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The structures of 11-13 each consist of a pair of palladium atoms bridged by two mutually cis 
2-C6F4PPh2 ligands in a head-to-tail arrangement. Each palladium atom is coordinated to a 
halide ligand trans to the phosphorus atom and an acetonitrile ligand trans to carbon atom of 
the 2-C6F4PPh2 group, the geometry about the metal atoms being distorted square planar. The 
Pd…Pd separations in 11-13 increase in the order Cl < Br < I [2.94049(17) Å, 3.0184(3) Å, 
3.0484(2) Å, respectively], and are in the same range as that of the bridging carboxylato 
complexes 3 and 4 discussed previously. 
 
The Pd–C and Pd–N bond lengths do not differ significantly in complexes 11-13, while there 
is a slight variation in the Pd–P bond lengths. This variation does not correspond to an 
increase in halide size [Cl 2.2693(3) Å, Br 2.2653(6) Å, I 2.2817(4) Å]. The Pd–X bond 
lengths increase in the order X = Cl < Br < I [2.3649(3) Å, 2.4976(3) Å, 2.65809(15) Å, 
respectively] and are in the expected range for Pd–X bond lengths trans to a tertiary 
phosphine, for example, 2.355 (av.) Å in [PdCl2(dppp)],24 2.476 (av.) Å in [PdBr2(dppp)]25 
and 2.655 (av.) Å in [PdI2(dppe)].26 
 
The acetonitrile ligands in 11-13 are approximately linearly coordinated; the Pd–N–C angles 
in 12 and 13 are 177.6(2)º and 178.00(14)º, respectively, while that of 11 is 162.5(3)º. It is not 
clear why there is such a large deviation from linearity in the chloro-complex. 
 
2.6 Reaction of [Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] (2) with sodium 
acetylacetonate 
2.6.1 Synthesis of [Pd(acac)(κ2-2-C6F4PPh2)] (14) 
When solutions of [Pd2(µ-Cl)2(κ2-2-C6F4PPh2)2] (1) or [Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] (2) in 
dichloromethane were treated with an excess of sodium acetylacetonate, [Na(acac)], for 30 
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minutes at room temperature, the initially yellow solutions became turbid. From these 
suspensions a yellow solid, [Pd(acac)(κ2-2-C6F4PPh2)] (14), was isolated in ca. 84% yield 
(Scheme  2.13). The compound is soluble in aromatic and halogenated solvents and is air-
stable both as a solid and in solution. 
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Scheme  2.13. Reaction of [Pd2(µ-X)2(κ2-2-C6F4PPh2)2] [X=Cl (1), Br (2)] with [Na(acac)]. 
 
The elemental analysis of 14 is consistent with the formula C23H17F4O2PPd and the EI-mass 
spectrum shows a peak due to the [M]+ ion at m/z 538. The IR spectrum of 14 exhibits strong 
C=O/C=C vibrational bands at 1517 and 1579 cm-1 corresponding to a bidentate, O,O'-bonded 
acetylacetonato ligand, cf. 1524 and 1569 cm-1 observed in [Pd(acac)2].27 The 1H NMR 
spectrum of 14 shows the expected aromatic multiplets in addition to three singlet resonances 
at δ 2.01, 2.12 and 5.45, the intensities of which are in a 3:3:1 ratio, and correspond to the two 
methyl and methine hydrogens, respectively, of the acetylacetonato ligand. The 31P NMR 
spectrum of 14 shows a broad singlet at δ -71.9, in the region typical of a chelate κ2-2-
C6F4PPh2 group.5 
 
X-ray structural analysis of a single crystal of 14 grown from dichloromethane/hexane 
confirmed the conclusions drawn from the spectroscopic data. The structure is shown in 
Figure  2.11. Selected bond distances and angles for two independent molecules are listed in 
Table  2.8. 
 89 
 
Figure  2.11. Molecular structure of [Pd(acac)(κ2-2-C6F4PPh2)] (14). Ellipsoids show 50% probability 
levels. Hydrogen atoms have been omitted for clarity. Only one molecule of the asymmetric unit is shown. 
 
Table  2.8. Selected bond distances (Å) and angles (°) in two independent molecules of [Pd(acac)(κ2-2-
C6F4PPh2)] (14). 
Pd(1)–C(6) 2.0124 (12) 2.0116 (13) 
Pd(1)–O(2)  2.0594 (9) 2.0567 (9) 
Pd(1)–O(1) 2.0603 (9) 2.0605 (9) 
Pd(1)–P(1) 2.2285 (3) 2.2314 (3) 
   
C(6)–Pd(1)–P(1) 70.13 (4) 70.33 (4) 
O(2)–Pd(1)–O(1) 92.06 (4) 92.62 (4) 
C(6)–Pd(1)–O(2) 98.49 (4) 97.75 (4) 
O(1)–Pd(1)–P(1) 99.15 (3) 99.17 (3) 
C(44)–C(43)–C(42) 118.57 (12) 127.06 (12) 
C(6)–Pd(1)–O(1) 168.90 (4) 169.32 (4) 
O(2)–Pd(1)–P(1) 168.35 (3) 167.72 (3) 
 
The molecular structure of 14 shows that the complex is mononuclear, containing a chelating 
2-C6F4PPh2 group and a chelating acetylacetonato ligand attached to the palladium atom in a 
distorted square planar arrangement. The distortion arises from the presence of the 2-
C6F4PPh2 four-membered chelate ring, which subtends a typical angle of ca. 70° at the 
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palladium atom. The Pd–O bond lengths of 2.0603(9) and 2.0594(9) Å are slightly longer 
than those in [Pd(acac)2] [1.9815(10), 1.9837(10) Å],28 consistent with the greater trans 
influence of P- and C-donor ligands. 
 
2.6.2 Synthesis of [Pd2(acac)2(µ-2-C6F4PPh2)2] (15) 
A yellow solution of [Pd(acac)(κ2-2-C6F4PPh2)] (14) in dichloromethane/methanol was set 
aside at room temperature for two days. During this time, the peak at δ -71.9, due to the 
chelated complex 14, decreased in intensity and was replaced by a new peak at δ +24.5, 
although there was no obvious colour change. From the solution, the complex [Pd2(acac)2(µ-
2-C6F4PPh2)2] (15) was isolated as a yellow, microcrystalline solid in 75% yield (Scheme 
 2.14). There was no evidence for the dimerisation of 14 in dichloromethane without the 
addition of methanol under similar conditions, as shown by 31P NMR spectroscopy. Complex 
15 can also be synthesised by heating the dichloromethane/methanol solution of 14 for ca. 4 
hours, but some decomposition occurs. Compound 15 is air-stable both as a solid and in 
solution and is poorly soluble in aromatic and halogenated solvents. 
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Scheme  2.14. Dimerisation of [Pd(acac)(κ2-2-C6F4PPh2)] (14) to give [Pd2(acac)2(µ-2-C6F4PPh2)2] (15). 
 
The elemental analysis of 15 is consistent with the proposed formula and the ESI-mass 
spectrum shows a peak due to the [M+Na]+ ion at m/z 1101. The IR spectrum of 15 exhibits 
strong bands due to C=O/C=C vibrations of the acetylacetonate ligand at 1517 and 1588 cm-1, 
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similar to those observed for the monomeric complex 14. The 1H NMR spectrum of 15 
showed the expected aromatic multiplets and three singlets at δ 1.6, 1.7 and 5.1 in a 3:3:1 
ratio due to the two methyl and methine hydrogens of the acetylacetonato groups, 
respectively. The resonances due to the acetylacetonato ligand in 15 are shifted upfield by 
about 0.3 ppm relative to those of 14, possibly due to a ring-current effect of the delocalised 
π-electrons in the acetylacetonato rings that lie over each other in the structure. The 31P NMR 
spectrum shows a single peak at δ 24.5, consistent with opening of the chelate ring, c.f. δ 27.5 
for [Pd2Br2(MeCN)2(µ-2-C6F4PPh2)2] (12). 
 
Single crystals suitable for X-ray crystallographic analysis were grown from 
dichloromethane/hexane. The structure of 15 is shown in Figure  2.12 and selected bond 
lengths and angles are listed in Table  2.9. The molecular structure of 15 is dinuclear with the 
two, ring-opened 2-C6F4PPh2 carbanionic groups bridging two palladium atoms in a head-to-
tail arrangement and a chelated O,O'-bonded acetylacetonato ligand coordinated to each 
palladium. The geometry around each palladium centre is distorted square planar, the four 
sites being occupied by one carbon, one phosphorus, and two oxygen atoms. The Pd…Pd 
separation in 15 [2.9640(3) Å] is significantly larger than those observed for the dimeric 
acetato complex [Pd2(µ-OAc)2(µ-2-C6F4PPh2)2] 5 [2.6896(4) Å, 2.68159(15) Å benzene 
solvate], but is similar to those in complexes 7 and 9-11 (2.94-3.08 Å). 
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Figure  2.12. Molecular structure of [Pd2(acac)2(µ-2-C6F4PPh2)2] (15). Ellipsoids show 20% probability 
levels. Hydrogen atoms have been omitted for clarity and only the ipso carbons of the PPh2 groups are 
shown. 
 
Table  2.9. Selected bond distances (Å) and angles (°) in [Pd2(acac)2(µ-2-C6F4PPh2)2] (15). 
Pd(1)–Pd(2) 2.9640(3)   
Pd(1)–P(1) 2.2290(7) Pd(2)–P(2) 2.2422(7) 
Pd(1)–C(29) 2.001(3) Pd(2)–C(6) 2.001(3) 
Pd(1)–O(1) 2.0666(19) Pd(1)–O(2) 2.060(2) 
Pd(2)–O(3) 2.050(2) Pd(2)–O(4) 2.047(2) 
    
O(3)–Pd(2)–C(6) 85.21(10) O(1)–Pd(1)–C(29) 87.57(9) 
P(2)–Pd(2)–C(6) 91.36(8) O(4)–Pd(2)–P(2) 92.10(7) 
Pd(1)–Pd(2)–C(6) 91.56(9) O(4 )–Pd(2)–O(3) 91.33(9) 
O(1)–Pd(1)–O(2) 90.44(9) O(2)–Pd(1)–P(1) 92.42(6) 
C(29)–Pd(1)–P(1) 91.16(8)   
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2.6.3 Preparation of [Pd2(acac)2(µ-2-C6H4PPh2)2] (16) and [Pd2(hfacac)2(µ-2-
C6H4PPh2)2] (17) 
Treating a dichloromethane suspension of [Pd4(µ-Br)4(µ-2-C6H4PPh2)4]14 sequentially with 
silver tetrafluoroborate and sodium acetylacetonate gave the dinuclear complex [Pd2(acac)2(µ-
2-C6H4PPh2)2] (16), which could be isolated as a yellow solid in ca. 75% yield. The 
corresponding hexafluoroacetato complex, [Pd2(hfacac)2(µ-2-C6H4PPh2)2] (17) could be 
prepared similarly in comparable yields using sodium hexafluoroacetylacetonate, 
[Na(hfacac)] (Scheme  2.15). Complex 16 could also be obtained in ca. 80% yield by the 
reaction of [Pd4(µ-Br)4(µ-2-C6H4PPh2)4] with silver(I) acetylacetonate. 
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Scheme  2.15. Preparation of [Pd2(acac)2(µ-2-C6H4PPh2)2] (16) and [Pd2(hfacac)2(µ-2-C6H4PPh2)2] (17). 
 
The elemental analyses of 16 and 17 are consistent with the proposed formulae, and the ESI-
mass spectrum of 16 showed an [M+H]+ ion at m/z 935. The 1H NMR spectrum of 16 showed 
the expected aromatic multiplets, together with three singlets at δ 1.25, 1.55 and 4.87 in the 
expected ratio due to the two methyl and methine hydrogens of the acetylacetonato ligands, 
respectively. These singlet resonances are located upfield relative to those of its tetrafluoro-
substituted counterpart, [Pd2(acac)2(µ-2-C6F4PPh2)2] (15) (δ 1.6, 1.7 and 5.1), presumably as a 
result of the presence of the less electron deficient metallated tertiary phosphine ligand. The 
1H NMR spectrum of 17 showed an aromatic multiplet and a singlet resonanace at δ 5.74 due 
to the methine hydrogen of the hexafluoroacetylacetonate groups, which is significantly 
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shifted downfield compared to its protio analogue 16 as a consequence of the electron-
withdrawing CF3 substituents. The 19F NMR spectrum showed two singlet resonances of 
equal intensity at δ -75.4 and -75.8 due to the two inequivalent CF3 groups of the 
hexafluoroacetylacetonate ligand.  
 
Single crystals of 16 and 17 suitable for X-ray crystallographic analysis were grown from 
dichloromethane/hexane and are shown in Figures 2.13 and 2.14, respectively, and selected 
bond lengths and angles are listed in Tables 2.10 and 2.11, respectively. The structures of 16 
and 17 are similar to that of [Pd2(acac)2(µ-2-C6F4PPh2)2] (15) and consist of a pair of 
palladium atoms bridged by two mutually cis 2-C6H4PPh2 ligands in a head-to-tail 
arrangement. Two chelating O,O′-bound acetylacetonate (16) or hexafluoroacetylacetonate 
(17) ligands complete the square planar geometry about the metal centers. The Pd–P, Pd–C 
and Pd…Pd distances in 16 and 17 are comparable to those in 15. In contrast, the Pd–O bond 
lengths in 16 [2.08(av.) Å] and 17 [2.11(av.) Å] are longer than those in 15 [2.06(av.) Å]; in 
the case of 17 the significantly longer Pd–O bond lengths compared to 15 and 16 reflect the 
greater lability of the hexafluoroacetylacetonate ligand compared to its protio analogue. There 
are also some subtle differences in the angles about the metal centers; in 16 and 17, the O–
Pd–O and P–Pd–C angles are slightly smaller, and the P–Pd–O and C–Pd–O angles slightly 
larger, than the corresponding angles in 15.  
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Figure  2.13. Molecular structure of [Pd2(acac)2(µ-2-C6H4PPh2)2] (16). Ellipsoids show 30% probability 
levels. Hydrogen atoms and dichloromethane of solvation have been omitted for clarity. Asterisks denote 
atoms generated by symmetry. 
 
 
Figure  2.14. Molecular structure of [Pd2(hfacac)2(µ-2-C6H4PPh2)2] (17). Ellipsoids show 30% probability 
levels and hydrogen atoms have been omitted for clarity. 
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Table  2.10. Selected bond distances (Å) and angles (°) in [Pd2(acac)2(µ-2-C6H4PPh2)2] (16). 
Pd(1)–Pd(1*) 2.9684(4)   
Pd(1)–C(2*) 1.989(3) Pd(1)–O(1) 2.083(2) 
Pd1(1)–P(1) 2.2297(7) Pd(1)–O(2) 2.075(2) 
    
O(2)–Pd(1)–C(2*) 86.07(10) P(1)–Pd(1)–O(2) 174.43(6) 
C(2*)–Pd(1)–P(1) 88.70(8) P(1)–Pd(1)–O(1) 95.04(6) 
C(2*)–Pd(1)–O(1) 175.93(9) O(1)–Pd(1)–O(2) 90.14(8) 
 
 
Table  2.11. Selected bond distances (Å) and angles (°) in [Pd2(hfacac)2(µ-2-C6H4PPh2)2] (17). 
Pd(1)–Pd(2) 2.9700(3)   
Pd(1)–C(212) 1.980(3) Pd(2)–C(112) 1.976(3) 
Pd(1)–P(1) 2.2407(7) Pd(2)–P(2) 2.2434(7) 
Pd(1)–O(11) 2.1086(19) Pd(2)–O(25) 2.0980(18) 
Pd(1)–O(15) 2.1158(19) Pd(2)–O(21) 2.1235(18) 
    
P(1)–Pd(1)–C(212) 85.65(8) P(2)–Pd(2)–C(112) 87.53(7) 
C(212)–Pd(1)–O(15) 90.76(9) C(112)–Pd(2)–O(25) 87.38(9) 
O(15)–Pd(1)–O(11) 87.69(8) O(25)–Pd(2)–O(21) 87.63(7) 
O(11)–Pd(1)–P(1) 95.84(6) O(21)–Pd(2)–P(2) 97.40(5) 
P(1)–Pd(1)–O(15) 176.20(6) P(2)–Pd(2)–O(25) 174.84(6) 
C(212)–Pd(1)–O(11) 176.96(6) C(112)–Pd(2)–O(21) 174.08(9) 
 
2.7 The trans influence 
In view of the number of X-ray crystal structures available for the palladium(II) complexes 
described in this thesis, it was of interest to determine if there were any apparent trends in the 
bond length data, and if there was a correlation with the trans influence series. Complexes 
containing acetylacetonate, hexafluoroacetylacetonate, thiocyanate, halide, acetate, benzoate 
and tertiary phosphine ligands were chosen and are shown in Table  2.12 together with 
selected Pd–P and Pd–C bond length data trans to the donor atoms of these ligands; the Pd–P 
(2.21-2.32 Å) and Pd–C (1.97-2.03 Å) bond lengths are in the expected range and are shown 
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graphically in Figures 2.15 and 2.16, respectively. The same data sorted according to mode of 
coordination and ligand type are shown in Appendix 3. 
 
Table  2.12. Complexes for deriving a trans influence series together with selected bond length data. 
Complex Formula Pd-P (Å) Pd-C (Å) 
trans-2 trans-[Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] 2.214(3) 
2.216(4) 
2.013(4) 
2.011(4) 
3 [Pd2(µ-OAc)2(κ2-2-C6F4PPh2)2] 2.2318(3) 
2.2294(3) 
1.9886(13) 
1.9951(14) 
4 [Pd2(µ-OBz)2(κ2-2-C6F4PPh2)2] 2.2247(4) 
2.2115(4) 
1.9901(14) 
1.9886(14) 
5 [Pd2(µ-OAc)2(µ-2-C6F4PPh2)2] 2.2357(3) 1.9836(9) 
6 [Pd2(µ-SCN)2(κ2-2-C6F4PPh2)2] 2.2594(8) 2.015(3) 
7 [Pd4(µ-SCN)4(κ2-2-C6F4PPh2)2(µ-2-C6F4PPh2)2] 2.2736(8) 
2.2893(8) 
2.2576(9) 
2.2734(8) 
1.999(3) 
2.010(3) 
2.015(3) 
1.999(3) 
9 [Pd4(µ-I)4(µ-2-C6F4PPh2)4] 2.2542(6) 2.039(2) 
10 [(κ2-2-C6F4PPh2)Pd(µ-I)(µ-2-C6F4PPh2)Pd(µ-I)2 
    Pd(µ-I)(µ-2-C6F4PPh2)Pd(κ2-2-C6F4PPh2)]  
2.326(2) 
2.2647(19) 
1.997(7) 
2.059(8) 
11 [Pd2Cl2(MeCN)2(µ-2-C6F4PPh2)2] 2.2693(3) 1.9895(11) 
12 [Pd2Br2(MeCN)2(µ-2-C6F4PPh2)2] 2.2653(6) 2.001(2) 
13 [Pd2I2(MeCN)2(µ-2-C6F4PPh2)2] 2.2817(4) 2.0006(14) 
14 [Pd(acac)(κ2-2-C6F4PPh2)] 2.2285(3) 
2.2314(3) 
2.0124(12) 
2.0116(13) 
15 [Pd2(acac)2(µ-2-C6F4PPh2)2] 2.2422(7) 
2.2290(7) 
2.001(3) 
2.001(3) 
16 [Pd2(acac)2(µ-2-C6H4PPh2)2] 2.2297(7) 1.989(3) 
17 [Pd2(hfacac)2(µ-2-C6H4PPh2)2] 2.2434(7) 
2.2407(7) 
1.976(3) 
1.980(3) 
18 trans-[PdBr(κ2-2-C6H4PPh2)(PPh2Fc)] 2.3116(11) 2.043(4) 
23 trans-[PdBr(κ2-2-C6F4PPh2)(PPh3)] 2.3355(5) 2.0440(17) 
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Figure  2.15. Graph of Pd-P bond lengths (Å) for the complexes listed in Table  2.12 sorted by donor type 
trans to Pd-P. The labels C and B refer to the chelating and bridging modes of coordination of the 2-
C6X4PPh2 ligand (X= H, F), respectively. The term protio refers to the 2-C6H4PPh2 group.  
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Figure  2.16. Graph of Pd-C bond lengths (Å) for the complexes listed in Table  2.12 sorted by donor type 
trans to Pd-C. The labels C and B refer to the chelating and bridging modes of coordination of the 2-
C6X4PPh2 ligand (X= H, F), respectively. The term protio refers to the 2-C6H4PPh2 group. 
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The mode of coordination of the 2-C6F4PPh2 ligand, whether chelating or bridging, does not 
significantly influence the Pd–P or Pd–C bond lengths, as shown by the similar values for 
structurally related pairs of complexes (the acetato complexes 3 and 5, the thiocyanato 
complexes 6 and 7 and the acetylacetonato complexes 14 and 15). Similarly, fluorine 
substitution in either the metallated tertiary phosphine group or the anionic ligand does not 
have a significant effect on the Pd–P and Pd–C bond lengths relative to their protio analogues. 
For example, the corresponding Pd–P and Pd–C bond lengths in the pairs of isostructural 
complexes [Pd2(acac)2(µ-2-C6X4PPh2)2] [X = F (15), H (16)] and [Pd2L2(µ-2-C6H4PPh2)2] [L 
= acetylacetonate (16), hexafluoroacetylacetonate (17)] are almost identical; the bond lengths 
in complex 5 are also comparable to the structurally similar complexes [Pd2(µ-O2CCF3)2(µ-2-
C6H4PPh2)2] [Pd-P 2.2273(12), 2.2269(12) Å; Pd-C 1.982(4), 1.980(4) Å] and its 2-C6F4PPh2 
analogue [Pd-P 2.2294(11) Å; Pd-C 1.987(4) Å] reported by Lahuerta et al.12 
 
From the data in Table  2.12 and shown in Figure  2.15, the trans influence series for the 
ligands studied (corresponding to an increase in Pd–P bond length) was found to be: 
bridging Br < O-donor < bridging I ~ Br ~ Cl ~ SCN < I < P-donor ~ C-donor 
There is a large variation in the Pd–P bond lengths when trans to bridging halides; for 
example, the Pd–P bond length in [Pd4(µ-Br)4(κ2-2-C6H4PPh2)4] [2.232(2) Å]14 is longer than 
the corresponding bond in complex 2. A point that is worth noting in this series is the 
markedly lower trans influence of bridging bromide: [Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] (2) 
[2.214(3) Å, 2.216(4) Å], [Pd4(µ-Br)4(κ2-2-C6H4PPh2)4] [2.232(2) Å],14 relative to that of 
terminal bromide: [Pd2Br2(MeCN)2(µ-2-C6F4PPh2)2] (12) [2.2653(6) Å]. 
 
The corresponding trans influence order based on Pd-C bond lengths (shown in Figure  2.16) 
is similar (O-donor ~ NCMe ~ SCN ~ bridging Br < bridging I ~ Br < P-donor). Using trans-
[Pd(κ2-2-C6F4PPh2)2] [Pd-C 2.0672(16) Å]5 as a suitable complex, C-donor groups would be 
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expected to have a high trans influence, similar to P-donor groups, as was observed in the 
series based on Pd–P bond lengths. The lower trans influence of bridging bromide to that of 
terminal bromide mentioned above is less pronounced in the series based on Pd–C bond 
length data. This observation also stands for similar single crystal structures of literature 
complexes available containing the 2-C6H4PPh2 ligand, viz. [Pd4(µ-Br)4(κ2-2-C6H4PPh2)4] 
[2.023(8) Å],14 [Pd2Br2(PMe3)2(µ-2-C6H4PPh2)2] [2.023(4) Å],21 and trans-[PdBr(2-
BrC6H4PPh2)(κ2-2-C6H4PPh2)] [2.042(9) Å].21 
 
In general, the observed trans influence series is as expected,29 and similar to those derived 
from structural data, and from NMR and IR spectroscopy, of other complexes, mainly of 
planar-coordinated platinum(II).30 
 
2.8 Preparation of cyclometallated palladium(II) complexes containing 
tertiary phosphines 
2.8.1 Ferrocenyldiphenylphosphine complexes 
When a yellow suspension of the tetranuclear complex [Pd4(µ-Br)4(µ-2-C6H4PPh2)4] in 
dichloromethane was treated with four equivalents of ferrocenyldiphenylphosphine (PPh2Fc) 
for ca. 72 hours at room temperature, the solids slowly dissolved to give a dark orange 
solution, from which the orange-yellow mononuclear compound [PdBr(κ2-2-
C6H4PPh2)(PPh2Fc)] (18) was isolated as a cis/trans mixture in ca. 80% yield (Scheme  2.16). 
Complex 18 is soluble in aromatic and halogenated solvents and is air-stable both as a solid 
and in solution. Elemental analyses were consistent with the assigned formula. The PPh3 
analogue has been prepared similarly by Lahuerta et al.;14, 21 however, the reaction time for 
the synthesis of 18 is much longer than that for [PdBr(κ2-2-C6H4PPh2)(PPh3)], possibly due to 
the greater bulk of PPh2Fc. The ready conversion from the ring-opened structure of 2-
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C6H4PPh2 in the tetramer to the chelate structure in the PPh3 and FcPPh2 derivatives is 
noteworthy. Treatment of 18 with sodium iodide in acetone gave the corresponding orange 
iodo-complex [PdI(κ2-2-C6H4PPh2)(PPh2Fc)] (19) in ca. 80 % yield (Scheme  2.16). 
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Scheme  2.16. Formation of the chelated complexes [PdX(κ2-2-C6H4PPh2)(PPh2Fc)] [X = Br (18), I (19)]. 
 
Attempts to make the tetrafluoro-substituted counterpart of 18, [PdBr(κ2-2-
C6F4PPh2)(PPh2Fc)] (20), by treating a dichloromethane solution of [Pd4(µ-Br)4(µ-2-
C6F4PPh2)4] with four equivalents of FcPPh2 were unsuccessful; even after several days the 
31P NMR spectrum only showed peaks due to starting materials. The bromo-complex 20 was 
obtained, however, as a yellow-orange cis/trans mixture in 73% yield from the halide-bridge 
cleavage of [Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] (2) by two equivalents of PPh2Fc at room 
temperature (Scheme  2.17). Anion exchange of complex 20 with sodium iodide at room 
temperature gave the iodo-analogue 21 in good yields (Scheme  2.17). Under the reaction 
conditions, the trans-isomers of complexes 18-21 were the main products (ca. 9:1 trans:cis 
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ratio in solution) as shown by 31P NMR spectroscopy.  The 31P NMR spectroscopic data for 
complexes 18-21 are summarised in Table 2.13. 
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Scheme  2.17. Formation of the chelated complexes [PdX(κ2-2-C6F4PPh2)(PPh2Fc)] [X = Br (20), I (21)]. 
The positive ion ESI-mass spectra of complexes 18-21 showed the highest mass peak due to 
[M-halide]+. The solid state Raman spectra of complexes 18 and 20 showed bands at ca. 215 
cm-1 assignable to ν(Pd–Br);15 bands due to ν(Pd–I) in complexes 19 and 21 could not be 
identified. 
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Table  2.13. 31P NMR data for complexes [PdX(κ2-2-C6H4PPh2)(PPh2Fc)] [X = Br (18), I (19)] and [PdX(κ2-
2-C6F4PPh2)(PPh2Fc)] [X = Br (20), I (21)] in C6D6. 
Complex Isomer δP (multiplicity) J/Hz δP (multiplicity) J/Hz 
18 cis 7.5 (d) 14.2 -81.8 (d) 14.4 
 
trans 17.9 (d) 485 -88.5 (d) 485 
19 cis 7.3 (d) 12.9 -91.5 (d) 12.9 
 
trans 19.3 (d) 484 -93.0 (d) 484 
20 cis 10.5 (dm) 14.8 -75.6 (m) a 
 
trans 17.3 (dd) 2.5, 514 -84.8 (dm) 514 
21 cis 9.9 (dm) 13.9 -83.7 (m) a 
 
trans 17.7 (dd) 1.7, 512 -90.0 (dm) 512 
 a
 Broad multiplet due to unresolved P-F coupling 
 
The trans-isomers of the 2-C6H4PPh2 compounds 18 and 19 are characterised by a doublet at 
δ ca. 18-19 and a doublet in the region of δ -90 in the 31P NMR spectrum, with a coupling 
constant of ca. 485 Hz, typical of mutually trans phosphorus atoms in square planar 
palladium(II) complexes.31 The highly shielded resonance is due to the phosphorus atom in 
κ
2
-2-C6H4PPh2 and the remaining resonance is due to the phosphorus atom in FcPPh2. In the 
cis-isomers, the FcPPh2 phosphorus resonates at δ ca. 7 and the 2JP-P value is only ca. 14 Hz. 
This small P-P coupling is consistent with mutually cis-phosphorus atoms; similar values 
were reported for the PPh3 analogue.14 The spectra of the cis- and trans-isomers of the 2-
C6F4PPh2 complexes 20 and 21 show similar chemical shifts and 2JP-P coupling constants but 
the resonances show additional splitting due to P-F coupling. The 1H NMR spectra of 18-21 
showed, in addition to the expected aromatic multiplets, resonances arising from the 
C5H4FeC5H5 fragment at δ ca. 4.3 (s, 5H), multiplets at δ ca. 4.05/4.7 and δ ca. 4.05/4.5 
assigned to the inequivalent hydrogens of the PPh2Fc ligand, in both the cis- and trans-
isomers, respectively. The 19F NMR spectra of complexes 20 and 21 each show two sets of 
four multiplets assigned to the 2-C6F4PPh2 groups in the cis- and trans-isomers. 
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The cis/trans ratio of complexes 18-21 in solution of different preparations varied, but in 
C6D6 the trans-isomer always predominated. However, over a period of hours, acetonitrile 
solutions of all the complexes precipitated orange solids, which are probably the cis-isomers. 
In the case of [PdI(κ2-2-C6F4PPh2)(PPh2Fc)] (21), the 31P NMR spectrum of the solid in 
CH2Cl2, containing a small amount of C6D6, showed the presence of 90% of cis-isomer, 
which then reverted slowly to the equilibrium 9:1 trans/cis mixture. The poor solubility of the 
solid in CD3CN prevented characterisation in this solvent. The original spectrum was 
regenerated in C6D6. In CD2Cl2, complex 21 exists as an approximately 1:0.2 mixture of 
trans- and cis-isomers; in 1:1 CD2Cl2/CH3CN, there was some precipitation of solid, but the 
ratio of the cis-isomer in solution increased slightly to 1:0.3. Similar solvent dependence of 
cis/trans ratios has been observed for a number of tertiary phosphine complexes of palladium, 
the cis-isomer being favoured in more polar solvents.32, 33 
 
Single crystal X-ray structures were obtained for complexes 18, 20 and 21 and confirm the 
structural assignments based on spectroscopic data. The structures of 18 and 20 are shown in 
Figures 2.17 and 2.18; respectively; significant bond lengths and angles for 18, 20 and 21 are 
summarised in Tables 2.14, 2.15 and 2.16. For complex 18, the structure determined is that of 
the trans-isomer, but for 20 and 21 the cis-isomers crystallised preferentially from 
CH2Cl2/hexane, even though they were the minor components of the mixture. Complexes cis-
20 and cis-21 are isomorphous. In all three cases the palladium atom is in approximately 
planar coordination, the main distortion arising from the narrow bite angle of the 2-C6R4PPh2 
(R = H, F) ligands.  
 
The Pd−Br distance [2.5013(5) Å] of trans-18 is significantly shorter than that in cis-20 
[2.4589(7) Å], probably reflecting in this case a somewhat higher trans influence of the σ-
carbon donor. The palladium-halide bond lengths in cis-20 and cis-21 are comparable to, but 
 105 
slightly shorter than, those in other palladium(II) complexes containing halide trans to a 
tertiary phosphine, e.g., 2.4744(9), 2.4767(9) Å in [PdBr2(dppp)]25 and 2.6649(8), 2.6446(10) 
Å in [PdI2(dppe)],34 respectively, [(Pd–I) in cis-21 = 2.6192(10) Å ]. The Pd–C distance in 
trans-18 [2.043(4) Å] falls between those in cis-20 [2.076(4) Å] and cis-21 [2.034(10)], hence 
there is no systematic effect on the M–C bond length when substituting F for H in these 
systems. Furthermore, there is a shortening of ca. 0.04 Å in the Pd–C and a lengthening of ca. 
0.02 Å in the Pd–Pring bond lengths going from X = Br to I, the latter reflecting the greater 
trans influence of iodide compared to bromide.29 There are also associated changes in the P–C 
bond lengths of the PPh2Fc ligand upon coordination; in the free ligand, the P–CPh bond 
lengths are 1.840(3) and 1.843(3) Å and the P–CFc bond length is 1.810(3) Å.35 In cis-20, 
there is a significant shortening of the P–CPh [1.817(4) and 1.827(5) Å] and P–CFc bonds 
[1.795(4) Å]. In cis-21, the P–CPh bonds are slightly shorter [1.820(10) and 1.825(10) Å] 
while the P–CFc bond is longer [1.831(12) Å] than those in the free ligand. 
 
 
Figure  2.17. Molecular structure of trans-[PdBr(κ2-2-C6H4PPh2)(PPh2Fc)] (trans-18). Ellipsoids show 50% 
probability levels and hydrogen atoms have been omitted for clarity. 
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Figure  2.18. Molecular structure of cis-[PdBr(κ2-2-C6F4PPh2)(PPh2Fc)] (cis-20). Ellipsoids show 30% 
probability levels and hydrogen atoms have been omitted for clarity. 
 
Table  2.14. Selected bond lengths (Å) and angles (°) in trans-[PdBr(κ2-2-C6H4PPh2)(PPh2Fc)] (18). 
Pd(1)–Br(1) 2.5013(5) Pd(1)–C(112) 2.043(4) 
Pd(1)–P(1) 2.2987(10) Pd(1)–P(2)  2.3116(11) 
    
P(1)–Pd(1)–C(112) 69.05(11) P(2)–Pd(1)–Br(1) 94.98(3) 
P(1)–Pd(1)–Br(1)  99.58(3) P(2)–Pd(1)–C(112)  96.42(11) 
P(1)–Pd(1)–P(2)  163.07(4) C(112)–Pd(1)–Br(1)  168.58(11) 
 
Table  2.15. Selected bond lengths (Å) and angles (°) in cis-[PdBr(κ2-2-C6F4PPh2)(PPh2Fc)] (20). 
Pd(1)–Br(1) 2.4589(7) Pd(1)–C(2) 2.076(4) 
Pd(1)–P(1) 2.2582(13) Pd(1)–P(2)  2.3332(12) 
P(2)–C(51) 1.795(4)  P(2)–C(31) 1.817(4) 
P(2)–C(41) 1.827(5)   
    
P(1)–Pd(1)–C(2) 69.41(15) P(2)–Pd(1)–Br(1) 90.09(3) 
P(1)–Pd(1)–Br(1)  163.39(4) P(2)–Pd(1)–C(2)  170.14(14) 
P(1)–Pd(1)–P(2)  102.24(5) C(2)–Pd(1)–Br(1)  97.14(15) 
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Table  2.16. Selected bond lengths (Å) and angles (°) in cis-[PdI(κ2-2-C6F4PPh2)(PPh2Fc)] (21). 
Pd(1)–P(1) 2.274(3) Pd(1)–P(2) 2.338(3) 
Pd(1)–I(1) 2.6192(10) Pd(1)–C(2) 2.034(10) 
    
P(1)–Pd(1)–C(2) 69.3(3) I(1)–Pd(1)–C(2) 96.4(3) 
I(1)–Pd(1)–P(2) 90.71(7) P(1)–Pd(1)–P(2) 102.30(10) 
P(1)–Pd(1)–I(1) 161.43(8) P(2)–Pd(1)–C(2) 170.2(3) 
 
Solutions of 18, 20 and 21 were not indefinitely stable. For example, a crystal that proved to 
be [Pd2I2(MeCN)2(µ-2-C6F4PPh2)2] (13), presumably arising from loss of FcPPh2, was 
selected from an aged solution of 21 in acetonitrile/hexane, the structure of which was 
discussed earlier (see Section 2.5). On one occasion, a dichloromethane solution of 21 
underwent extensive decomposition over several days, and from the decomposed material a 
red block crystal was selected, which gave a weak X-ray diffraction pattern. Although of poor 
quality, the data were sufficient to establish the identity of the red complex as the dinuclear 
species [Pd(κ2-2-C6F4PPh2)(µ-I)(µ-2-C6F4PPh2)PdI(PPh2Fc)] (22). The molecular structure of 
22 is shown in Figure  2.19, and selected bond lengths and angles are listed in Table 2.17. 
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Figure  2.19. Molecular structure of [Pd(κ2-2-C6F4PPh2)(µ-I)(µ-2-C6F4PPh2)PdI(PPh2Fc)] (22). Ellipsoids 
show 30% probability levels and hydrogen atoms have been omitted for clarity. Because of the poor data 
set the carbon atoms were refined isotropically as parts of rigid groups. 
 
Table  2.17. Selected bond lengths (Å) and angles (°) in [Pd(κ2-2-C6F4PPh2)(µ-I)(µ-2-
C6F4PPh2)PdI(PPh2Fc)] (22). 
Pd(1)–I(1) 2.638(4) Pd(2)–I(1) 2.679(4) 
Pd(1)–C(2) 2.135(19) Pd(2)–I(2) 2.652(4) 
Pd(1)–P(1) 2.315(11) Pd(2)–C(32) 2.060(15) 
Pd(1)–P(2) 2.337(10) Pd(2)–P(3) 2.308(12) 
    
P(1)–Pd(1)–C(2) 69.2(8) P(3)–Pd(2)–I(2) 91.4(3) 
P(1)–Pd(1)–P(2) 101.1(4) P(3)–Pd(2)–C(32) 91.2(7) 
C(2)–Pd(1)–I(1) 95.2(7) C(32)–Pd(2)–I(1) 84.3(7) 
P(2)–Pd(1)–I(1) 93.4(3) I(1)–Pd(2)–I(2) 93.91(12) 
P(1)–Pd(1)–I(1) 164.3(3) P(3)–Pd(2)–I(1) 168.0(3) 
P(2)–Pd(1)–C(2) 162.2(7) C(32)–Pd(2)–I(2) 174.9(7) 
Pd(1)–I(1)–Pd(2) 72.78(11)   
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In complex 22, one palladium atom, Pd(1), is coordinated in an approximately planar array by 
a chelate 2-C6F4PPh2 ligand, the phosphorus end of a bridging 2-C6F4PPh2 and a bridging 
iodide group. The second palladium atom, Pd(2), is similarly square planar-coordinated by the 
carbon end of the bridging 2-C6F4PPh2 ligand, a bridging iodide, a monodentate iodide, and a 
P-coordinated PPh2Fc ligand; the two iodide groups are mutually cis as also are the two 
phosphorus atoms. This structure is reminiscent of two others: (1) the heterobimetallic 
complex [(OC)3Fe(µ-I)(µ-dppm)PdI] in which the two metal atoms are bridged by iodide and 
bis(diphenylphosphino)methane (dppm) ligands and a monodentate iodide bound to the 
palladium atom (in this case, a metal-metal bond is also present);36 and (2) the A-frame 
dipalladium complex [Pd2(µ-dppm)2(µ-I)(CH3)I]BF4, which contains two bridging dppm 
ligands and one bridging and one monodentate iodide.37 As in the latter complex, the bridging 
iodide in 22 is asymmetrically bound to the two palladium atoms [Pd(1)–I(1): 2.638(4) Å, 
Pd(2)–I(1): 2.679(4) Å]. The Pd–C [Pd(1)–C(2): 2.135(19) Å, Pd(2)–C(32): 2.060(15) Å], the 
Pd–Pring [Pd(1)–P(1): 2.315(11) Å] and the Pd–Pbridge [Pd(1)–P(2): 2.337(10) Å] bond lengths 
in 22 are longer than the Pd–C [2.034(10) Å] and Pd–P [2.274(3) Å] bond lengths in cis-21, 
respectively. In contrast, the Pd–PFc [Pd(2)–P(3): 2.308(12) Å], bond length which is trans to 
iodide in 22, is 0.03 Å shorter than to the Pd–PFc [2.338(3) Å] (trans to carbon) in cis-21, 
which can be attributed to the greater trans influence of the fluoroaryl σ-carbon donor 
compared to iodide. In complex 22 the Pd–P bond lengths trans to the bridging iodide group 
[Pd(1)–P(1) 2.315(11) Å, Pd(2)–P(3) 2.308(12) Å], are slightly shorter than the Pd–P bond 
lengths of the bridging 2-C6F4PPh2 group (trans to σ-carbon) [Pd(1)–P(2) 2.337(10) Å)]. 
Similarly, the Pd–C bond length trans to iodide is shorter than that trans to phosphorus. All 
the observed trends reflect the greater trans influences of fluoroaryl σ-carbon and phosphorus 
donors compared to iodide. 
 
 110 
The proposed formation of complex 22 is shown in Scheme  2.18. Initially, oxidation of the 
iron atom in the ferrocenyl ligand in complex 21 takes place forming a ferrocenium cation. 
This is followed by charge transfer to the phosphorus atom in the ligand, as was observed 
electrochemically (see Chapter 4). This results in the loss of the cationic FcPh2P+ (which 
presumably is oxidised to the corresponding phosphine oxide by adventitious oxygen or 
water), generating the coordinatively unsaturated fragment [PdI(κ2-2-C6F4PPh2)]. The iodide 
ligand in this three-coordinate species coordinates to the palladium atom in [PdI(κ2-2-
C6F4PPh2)(PPh2Fc)] (21) with concomitant ring opening of the latter. This dangling PPh2 
group then coordinates to the palladium atom of the three-coordinate species, and forms the 
dinuclear species [Pd(κ2-2-C6F4PPh2)(µ-I)(µ-2-C6F4PPh2)PdI(PPh2Fc)] (22). 
 
- FcPPh2
P
Ph2
Pd
Ph2P
Pd
I
F
F
F
F
F
F
F
F
I
PPh2Fc
Pd
PPh2
F
F
F
F
IFcPh2P
oxidation
charge transfer
Pd
PPh2
F
F
F
F
I
2
Pd
P
Ph2
F
F
F
FI
FcPh2P
Pd
PPh2
F
F
F
F
IFcPh2P
 -  FcPh2P
21 22
 
Scheme  2.18. Proposed formation of [Pd(κ2-2-C6F4PPh2)(µ-I)(µ-2-C6F4PPh2)PdI(PPh2Fc)] (22) from 
[PdI(κ2-2-C6F4PPh2)(PPh2Fc)] (21). 
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2.8.2 Triphenylphosphine and tricyclohexylphosphine complexes 
Treating a dichloromethane solution of [Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] (2) with two equivalents 
of triphenylphosphine or tricyclohexylphosphine rapidly cleaved the halide bridges to give a 
mixture of the mononuclear complexes cis- and trans-[PdBr(κ2-2-C6F4PPh2)(PR3)] [R = Ph 
(23), Cy (24)], which were isolated as pale yellow solids in 80-85% yield (Scheme  2.19). 
Both complexes gave satisfactory elemental analyses, and the ESI-mass spectra for 23 showed 
a strong peak at m/z 783 corresponding to the [M+H]+ ion. As in the case of the FcPPh2 
complex 20, the cis/trans ratio varied between preparations, the trans-isomer, determined by 
31P NMR spectroscopy, always being the major product (ca. 90%). The 31P NMR spectra of 
23 and 24 show a pair of equally intense resonances at δ ca. -80 and +30, similar to those of 
complex 20; the spectroscopic data for 23 and 24 are collected in Table  2.18. As expected, the 
1H NMR spectrum of 24 showed multiplets between δ 1.2 and 3.1 due to the cyclohexyl 
group.  
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Scheme  2.19. Formation of [PdBr(κ2-2-C6F4PPh2)(PR3)] [R = Ph (23), Cy (24)]. 
 
Table  2.18. 31P NMR data for complexes [PdBr(κ2-2-C6F4PPh2)(PR3)] [R = Ph (23), Cy (24)]. 
Complex Isomer δP (multiplicity) J/Hz δP (multiplicity) J/Hz 
23 cis 17.1 (d) 14.0 -75.2 (br s) a 
 
trans 29.3 (dd) 8.0, 489 -84.0 (d) 490 
24 cis 26.7 (d) 14.8 -73.1 (br s) a 
 trans 37.9 (d) 462 -86.7 (d) 462 
 a
 Unresolved coupling 
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In contrast to complex 20, the predominant trans-isomer of [PdBr(κ2-2-C6F4PPh2)(PPh3)] 
(trans-23) crystallises from dichloromethane/hexane and its structure was determined by 
single crystal X-ray diffraction (see Figure  2.20). Selected bond distances and angles are 
collected in Table 2.19. The structure of trans-23 consists of a palladium atom coordinated to 
an ortho-metallated 2-C6F4PPh2 group forming a four-membered chelate ring. One PPh3 
ligand trans to the phosphorus atom of the metallated group and one bromide complete the 
coordination about the metal centre. The geometry about the palladium atom is distorted from 
square planar as a result of the narrow bite angle (ca. 69°) of the chelate 2-C6F4PPh2 ligand. 
The Pd–Br distance is about 0.11 Å and 0.03 Å, respectively, shorter than those in the 
structurally similar compounds trans-[PdBr(κ2-2-C6H4PPh2)(L)] [L = (2-BrC6H4PPh2),21 
C5H5FeC5H4PPh2],38 consistent with the lower trans influence of a fluoroaryl group relative to 
that of its aryl counterpart.30 
P1
C1 C2
Pd1
Br1
P2
 
Figure  2.20. Molecular structure of trans-[PdBr(κ2-2-C6F4PPh2)(PPh3)] (trans-23). Ellipsoids show 30% 
probability levels. Hydrogen atoms have been omitted for clarity. 
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Table  2.19. Selected bond distances (Å) and angles (°) in trans-[PdBr(κ2-2-C6F4PPh2)(PPh3)] (trans-23). 
Pd(1)–P(1)  2.3178(5) Pd(1)–P(2) 2.3355(5) 
Pd(1)–C(2) 2.0440(17) Pd(1)–Br(1)  2.4723(2) 
    
P(1)–Pd(1)–C(2)  69.32(5) P(1)–Pd(1)–Br(1) 98.518(13) 
P(2)–Pd(1)–C(2)  97.89(5) P(2)–Pd(1)–Br(1)  94.108(13) 
C(2)–Pd(1)–Br(1)  167.02(5) P(1)–Pd(1)–P(2)  167.153(17) 
 
When a stoichiometric amount of PPh3 was added to [PdBr(κ2-2-C6F4PPh2)(PPh3)] (23) the 
chelate ring was opened rapidly to give the yellow complex trans-[PdBr(κC-2-
C6F4PPh2)(PPh3)2] (25) in which the PPh2 group of the fluoroaryl ligand is not bound to the 
metal atom (see Scheme  2.20). The more bulky tricyclohexylphosphine failed to open the 
chelate ring of 23 under similar reaction conditions. 
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Scheme  2.20. Formation of trans-[PdBr(κC-2-C6F4PPh2)(PPh3)2] (25). 
 
The  ESI-mass spectrum of 25 showed a peak at m/z 1043 corresponding to the [M-H]+ ion, 
and the 31P NMR spectrum showed two resonances in a 2:1 ratio at δ 20.7 and -3.7, assignable 
to the coordinated PPh3 groups and the uncoordinated phosphorus atom of 2-C6F4PPh2, 
respectively. 
 
Single crystals of 25 suitable for X-ray crystallographic analysis were grown from 
acetonitrile/hexane. The molecular structure is shown in Figure  2.21 and selected bond 
distances and angles are listed in Table  2.20. 
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Figure  2.21. Molecular structure of trans-[PdBr(κC-2-C6F4PPh2)(PPh3)2] (25). Hydrogen atoms have been 
omitted for clarity and only the ipso carbons of the PPh3 ligands are shown. 
 
Table  2.20. Selected bond distances (Å) and angles (°) in trans-[PdBr(κC-2-C6F4PPh2)(PPh3)2] (25). 
Pd(1)–P(2)  2.3349(5) Pd(1)–P(3) 2.3416(5) 
Pd(1)–Br(1)  2.5033(2) Pd(1)–C(6 ) 2.0296(19) 
    
P(2)–Pd(1)–Br(1) 86.794(14) P(2)–Pd(1)–C(6) 90.41(6) 
Br(1)–Pd(1)–P(3) 89.955(14) P(3)–Pd(1)–C(6) 92.72(6) 
Br(1)–Pd(1)–C(6) 177.18(6) P(2)–Pd(1)–P(3) 168.553(19) 
 
In the structure of 25, the square planar coordinated palladium atom is bound to two 
phosphorus atoms of mutually trans PPh3 ligands, one bromide and a C-bonded 2-C6F4PPh2 
group. The phosphorus atom of the 2-C6F4PPh2 group is oriented above the palladium atom, 
and the large Pd(1)−P(1) separation (ca. 3.4 Å) indicates that there is little or no Pd…P 
interaction. The metal-ligand bond lengths are similar to those in trans-23.  
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Chapter 3                                                                    
Electrochemical Reduction of Mononuclear and 
Dinuclear Palladium(II) Complexes Containing Ortho-
metallated Tertiary Phosphine Ligands 2-C6H4PPh2 and 
2-C6F4PPh2 
 
As mentioned in Chapter 1, a number of palladium(II) complexes are known that contain 
either bridging or chelate ortho-metallated 2-C6H4PPh2 groups, but the corresponding 
palladium(I) compounds have not been reported. In contrast, stable platinum(I) complexes 
of this ligand have been made, e.g., [Pt2(µ-2-C6H4PPh2)2(PPh3)2], by comproportionation 
of [Pt(κ2-2-C6H4PPh2)2] with [Pt(PPh3)3] (see Chapter 1, Section 1.7 on 2-C6F4PPh2 and 2-
C6H4PPh2 ligand based cyclometallated complexes). A similar method cannot be used to 
prepare the analogous palladium(I) dimer, [Pd2(µ-2-C6H4PPh2)2(PPh3)2], since the 
bis(chelate) precursor [Pd(κ2-2-C6H4PPh2)2] is unknown. Nevertheless, the approach is 
valid for palladium, since Privér1 has recently made the dipalladium(I) complex [Pd2(µ-2-
C6F4PPh2)2(PPh3)2] from the reaction of  [Pd(κ2-2-C6F4PPh2)2] and [Pd(PPh3)4] at room 
temperature. 
 
Hence, as stated in the research aims, it was of interest to see if palladium(I) dimers in the 
2-C6X4PPh2 (X = H, F) systems could be generated by electrochemical reduction of 
suitable palladium(II) precursors. Thus, one-electron reduction of the dinuclear 
palladium(II) β-diketonato complexes [Pd2(µ-diket)2(µ-2-C6H4PPh2)2] [diket = acac (16), 
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hfacac (17)], which are conveniently soluble in organic solvents, could be envisaged to 
give dipalladium(I) complexes (Scheme  3.1). 
 
X = H (16), F (17)
Pd
Pd
O
OPh2P
Ph2P
CX3
CX3
O
O
CX3
CX3
[H]
MeCN
PPh2
PdI PdI
Ph2P
NCMeMeCN
 
 
Scheme  3.1. Proposed electrochemical generation of [Pd2(µ-2-C6H4PPh2)2(NCMe)2] from (µ-2-
C6H4PPh2)Pd(II) complexes (16) and (17). 
 
Similarly, one-electron reduction of [PdBr(κ2-2-C6H4PPh2)(PPh3)] could be envisaged to 
lead to a three-coordinate palladium(I) (4d9) species, which could subsequently dimerise, 
as shown for the general case in Scheme  3.2 and for the particular case of [Pd2(µ-2-
C6H4PPh2)2(PPh3)2] in Scheme 1.30. 
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Y = F; L = FcPPh2; X = I (21)
Y = H; L = FcPPh2; X = Br (18)
Y = F; L = PPh3; X = Br (23)
Y = H; L = PPh3; X = Br (reference 2)
 
 
Scheme  3.2. Proposed electrochemical synthesis of [Pd2(µ-2-C6Y4PPh2)2(L)2] (L = PPh3, FcPPh2; Y = H, 
F) from palladium(II) chelate complexes. 
 
Cyclic voltammetry is an electrochemical technique in which the current generated at a 
working electrode is measured as the potential is varied smoothly through a range of 
voltages and then reversed so that in one part of the scan oxidation processes are favoured 
while reductions can be observed on the reverse cycle3, 4. By observing changes to the 
measured current as the voltage is scanned one way or the other, information can be 
gleaned as to the presence of oxidisable or reducible species.  In cases where a new 
compound is produced by one of these processes, its presence or the presence of 
decomposition products, can often be observed on the second and subsequent scans. This 
technique therefore offers a convenient way to study the redox properties of solutes which 
may be short-lived, such as the proposed palladium(I) complexes being investigated in this 
thesis.  
 
The electrochemical behaviour of a number of palladium complexes has been studied and 
the results are presented in this Chapter. Furthermore, attempts were also made to prepare 
some of the complexes observed during cyclic voltammetric experiments by controlled 
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potential electrolysis using conditions as suggested by the cyclic voltammograms (CV) 
obtained. 
 
The peak potentials for all the complexes discussed in this chapter are summarised in Table 
 3.1 
 Table  3.1. Summary of peak potentials (V vs. DmFc0/+) for palladium compounds in different solvents. 
 Acetonitrile Dichloromethane Tetrahydrofuran 
No Not Definitely 
Assigned 
Halide Fc Not Definitely 
Assigned 
Halide Fc Not Definitely 
Assigned 
Halide Fc 
 
-1.985 0.569 (Br-/Br2)        
16 -2.11         
17 -1.61         
18 -1.63  0.7 -1.79  0.7    
21# -1.23, -1.59, -1.76 0.38 (I-/I2) 0.74 -1.37, -1.77 0.38 (I-/I2) 0.74    
20# -1.25, -1.7 0.6 (Br-/Br2) 0.79 -1.45 0.6 (Br-/Br2) 0.79 -1.6, -1.2 0.6 (Br-/Br2) 0.82 
23#    -1.44, -1.77 0.51 (Br)  -1.56 0.65 (Br-/Br2)  
2    -0.952, -1.652 0.58 (Br-/Br2)     
12    -1.39, -1.63 0.59 (Br-/Br2)     
26    -1.86      
#
 For compounds 20, 21 and 23 the major species is the cis isomer in acetonitrile while in dichloromethane and THF the major species is the trans 
isomer 
 
Legend 
No Complex No Complex No Complex 
 
[PdBr(κ2-2-C6H4PPh2)(PPh3)]   21 [PdI(κ2-2-C6F4PPh2)(PPh2Fc)] 12 [Pd2Br2(MeCN)2(µ-2-C6F4PPh2)2] 
16 [Pd2(acac)2(µ-2-C6H4PPh2)2] 20 [PdBr(κ2-2-C6F4PPh2)(PPh2Fc)] 26 [Pd2(µ-2-C6F4PPh2)2(PPh3)2] 
17 [Pd2(hfacac)2(µ-2-C6H4PPh2)2] 23 [PdBr(κ2-2-C6F4PPh2)(PPh3)]   
18 [PdBr(κ2-2-C6H4PPh2)(PPh2Fc)] 2 [Pd2(µ-Br)2(κ2-2-C6F4PPh2)2]   
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3.1 Electrochemical reduction of palladium(II) complexes containing 
2-C6H4PPh2 
The β-diketonato complexes [Pd2(µ-diket)2(µ-2-C6H4PPh2)2] [diket = acac (16), hfacac 
(17)] each show an irreversible reduction wave in acetonitrile at -2.11 V (acac) and -1.61 V 
(hfacac). Clearly, reduction occurs more easily with the more electron-withdrawing β-
diketonato ligand but the nature of the reduction cannot be specified further. 
 
The electrochemistry of the known palladium(II) complex, [PdBr(κ2-2-C6H4PPh2)(PPh3)]2 
was studied in CH3CN (0.1 M Bu4NPF6) at 21 ± 1 ºC. The cyclic voltammogram shows an 
irreversible reduction process at a potential of -1.985 V vs. DmFc0/+, which is very close to 
the solvent limit (Figure  3.1).  
 
Figure  3.1. Cyclic voltammogram of 1 mM of [PdBr(κ2-2-C6H4PPh2)(PPh3)] in CH3CN (0.1 M 
Bu4NPF6) at 21 ± 1 ºC. Scan rate: 100 mV s-1. 
 
This process could be due to the reduction of Pd(II) since the ligands are not likely to be 
reduced in the potential range studied (-2.5 to +1.0 V). However, the observed current 
suggested that more than one electron was involved in this reduction process. Experiments 
with a rotating disk electrode (RDE) were also carried out in an attempt to measure the 
number of electrons involved. Unlike cyclic voltammetry in which the current is controlled 
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by diffusion, in RDE experiments the current can be controlled by bulk flow of the 
solution. However, as the reduction wave is very close to the solvent limit, and the current 
vs. potential curve from the RDE experiment was noisy, no plateau of the steady state 
current was achieved. Therefore, it was impossible to determine the number of electrons 
transferred in this reduction process. On the reverse oxidative scan, one very small 
oxidation process at a potential of +0.57 V vs. DmFc0/+ was observed. It seemed reasonable 
to suggest that this might be due to the oxidation of Br- which would be expected to be 
released during the reduction process. In an attempt to check this, the electrochemical 
oxidation of [Bu4N]Br was studied in acetonitrile, dichloromethane and THF. In these 
solvents, two oxidation waves were observed at +0.86 and +1.32 V (CH3CN), +0.89 and 
1.20 V (CH2Cl2) and +0.70 and 1.21 V (THF). The appearance of two oxidation waves has 
been observed previously5 and has been attributed to the generation of Br3- and Br2 during 
the oxidation of Br-: 
 1st wave 3Br-   Br3- + 2e- 
 2nd wave 2Br-   Br2 + 2e- 
 
Clearly, the observed potentials for the first reduction wave for [Bu4N]Br do not agree well 
with the value of +0.57 V and it may be that these potentials are dependent on the nature of 
the other species present in solution. 
 
In an attempt to work out the number of electrons transferred in the palladium reduction 
process of the complex [PdBr(κ2-2-C6H4PPh2)(PPh3)], the similar complex [PdBr(κ2-2-
C6H4PPh2)(PPh2Fc)] (18) was studied with the intention of using the one electron redox 
behaviour of the FcPPh2 ligand as an internal reference. 
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Complex 18 shows a redox process at a potential of about +0.70 V vs. added DmFc0/+ in 
dichloromethane (0.1 M Bu4NPF6) at 21 ± 1 ºC (Figure  3.2), which is chemically 
reversible on the voltammetric timescale. This redox process is assigned to the FeII/III 
couple in the ferrocene moiety of the coordinated FcPPh2 ligand. It shows a slight anodic 
shift compared to that of the uncomplexed FcPPh2 ligand (+0.68 V vs. DmFc0/+) (for 
further discussion see Chapter 4)6, 7 Complex 18 also shows a reduction process at the 
potential of about – 1.79 V which is irreversible on cyclic voltammetry time scales (Figure 
 3.2). The cyclic voltammetry of 18 at -25 °C) in CH2Cl2 was essentially the same as at 
room temperature. 
 
Figure  3.2. Cyclic voltammogram of 1 mM of [PdBr(κ2-2-C6H4PPh2)(PPh2Fc)] (18) in dichloromethane 
(0.1 M Bu4NPF6) at 21 ± 1 ºC. Scan rate: 100 mV/s. 
 
The peak current for this reduction process is about 3 times that of the ferrocene oxidation 
peak. Palladium(II) complexes of the ligand, 2-C6H4PPh2, have not been studied 
electrochemically to any extent and in fact only the electro-oxidation of a dinuclear Pd-
acetato complex has been reported8. Therefore it is uncertain whether the irreversible 
reduction wave shown in Figure  3.2 arises from reduction of Pd(II), the carbanion or both. 
A rotating disk electrode was also used to study the reduction process and the results show 
a reductive current of about 3.7 times that of the oxidation current of the ferrocene centre. 
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Unfortunately, in this case it was not possible to look for the presence of liberated bromide 
ions which would have indicated reduction to a lower oxidation state of palladium because 
the characteristic bromide oxidation wave would be masked by the ferrocene wave. 
Controlled potential bulk electrolysis of complex 18 carried out at a potential of -1.90 V. 
showed that the number of electrons transferred was close to 4.  One possible explanation 
for this result is that the low oxidation state reduction product [Pd(0) or Pd(I)] is very 
active, and is oxidised back to Pd(II) by adventitious oxygen present in the solution during 
the long timescale of the reductive electrolysis.  However, this explanation is unlikely to 
apply to the result of the cyclic voltammetric experiment, because the solution is 
deoxygenated during the short time-scale of the measurement. Another possible 
explanation could be that the carbanion (2-C6H4PPh2) may also have been contributing to 
the reduction wave observed. Clearly, reduction of complex 18 in dichloromethane is more 
complex than implied by Scheme  3.2. 
 
The cyclic voltammetry of 18 was also carried out in CH3CN (0.1 M Bu4NPF6). The peak 
assigned to oxidation of the ferrocene unit appears at a potential similar to that in CH2Cl2. 
In contrast, the peak arising from reduction of the Pd centre is shifted to a less negative 
potential, i.e. -1.63 V vs. DmFc0/+ as shown in Figure  3.3. Further, the reductive peak 
current of complex 18 in MeCN is now almost equal to that of the one- electron oxidation 
of the ferrocene centre, and can be assigned to a net one-electron reduction of Pd(II) to 
Pd(I). From the comparison of the reduction process in these two solvent media, it is clear 
that the palladium reduction involves a multi-electron process in CH2Cl2, but a close to one 
electron process in CH3CN. The fact that complex 18 is more easily reduced, by 0.16V, in 
CH3CN  than in CH2Cl2 (i.e.                                                      = 0.16 V) is possibly related 
to the predominance of the cis-isomer in CH3CN (as discussed in Chapter 2). For 
red
CNCHpeak
red
ClCHpeakpeak EEE 322 −− −=∆
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comparison, it is known that the peak potential for the reduction of cis-[PtCl2(PPh3)2] to 
Pt(0) in CH3CN/C6H6 is ca. 0.2 V less negative than that for trans-[PtCl2(PPh3)2], probably 
owing to a lower electron density at the metal centre in the cis-isomer9. A similar trend is 
evident in the reductions of cis- and trans-[Pd(NO2)2(NH3)2] in aqueous medium10. 
Another possible explanation for the easier reduction of 18 in CH3CN is that, since CH3CN 
is a coordinating solvent, it may be able to stabilise dipalladium(I) by coordination to the 
metal centres, thus favouring the reduction of the Pd(II) complex. No further work on this 
aspect of the reaction was carried out.  
 
Figure  3.3. Cyclic voltammogram of 1 mM of [PdBr(κ2-2-C6H4PPh2)(PPh2Fc)] (18) in acetonitrile (0.1 
M Bu4NPF6) at 21 ± 1 ºC. Scan rate: 100 mV/s. 
 
3.2 Electrochemical reduction of palladium(II) complexes containing 
2-C6F4PPh2 
3.2.1 [PdI(κ2-2-C6F4PPh2)(PPh2Fc)] (21) in dichloromethane and acetonitrile 
This complex, and its bromo-analogue, are similar to [PdBr(κ2-2-C6H4PPh2)(PPh2Fc)] (18) 
whose electrochemical behaviour is described in the previous section. The electronegative 
fluorine substituents in the aromatic ring of the bidentate chelate group could be expected 
to remove electron density from the palladium centres thus facilitating reduction. Since 
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iodide ion is more easily oxidised than bromide ion, it was also hoped that iodide ion 
liberated during the reduction could be observed in the presence of the ferrocene unit. 
Electrochemical studies of 21 were performed in dichloromethane and acetonitrile, both 
containing 0.1 M of [Bu4N][PF6] as the supporting electrolyte.  Cyclic voltammetry 
obtained at a glassy carbon electrode (scan rate 0.1 Vs-1) for oxidation of 1.0 mM solution 
of 21 in CH2Cl2, showed a reversible process with a mid-point potential of 0.74 V vs. 
DmFc0/+ [Figure  3.4 (a)], which is similar to that of 18 and is again assigned to the redox 
process of the ferrocene centre of the PPh2Fc ligand.6 When the potential was scanned in 
the negative direction, one major irreversible reduction process at a potential of -1.37 V vs. 
DmFc0/+ was observed (Figure  3.4 (a) and Table  3.2). This value is much more positive (by 
0.42V) than the value of -1.79 V for the reduction process of 18 in the same solvent 
(dichloromethane) (Table  3.2), in agreement with expectation.  The reduction peak current 
of 21 is now almost equal to that for the oxidation of the ferrocene moiety, indicating that 
the reduction is a one electron transfer process consistent with the reduction of Pd(II) to 
Pd(I). The RDE studies also show a steady state reduction current close to that of the 
oxidation process. On the reverse oxidative scan, a new oxidation process was observed at 
0.38 V vs. DmFc0/+, which can be attributed to the oxidation of free iodide anion which 
was presumably liberated from the framework during reduction. Since this oxidation 
process was not detected when the potential was initially scanned in the positive direction 
it suggests that the first cycle may indeed have reduced Pd(II) to Pd(I). Another small 
reduction process at more negative potential (-1.77 V) was observed when the potential 
was scanned to close to the solvent limit. A similar peak, at a similar potential, was also 
observed on the reduction of the ligand 2-BrC6F4PPh2 (see Appendix 5), so it may arise 
from addition of an electron to the aromatic ring. 
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An attempt was made to check the suggested origin of the peak at +0.38 V vs. DmFc0/+ by 
examining the electrochemical oxidation of [Bu4N]I.  In agreement with previous 
observations11, two waves were observed with potentials (vs. DmFc0/+) of +0.50 and +0.85 
V (CH3CN), +0.57 and +0.85 V (CH2Cl2) and +0.40 and +0.78 V (THF). The cause of this 
behaviour is similar to that described above for [Bu4N]Br and again, we assume that the 
poor agreement with the potential of +0.38 V may be traced to a dependence of the 
potential for iodide ion oxidation on the medium in which it is carried out. 
 
Three irreversible reduction processes were observed in CH3CN. The first reduction 
process (Ired), which is assigned to the reduction of Pd(II) to Pd(I), was observed at -1.23 V 
vs. DmFc0/+. This potential is about 0.14 V more positive than that obtained in 
dichloromethane. Again, as for 18, this trend can be correlated with the greater abundance 
of  the cis- isomer in acetonitrile. Two more reduction processes (IIred, IIIred) at potentials 
of -1.59 V and -1.76 V vs. DmFc0/+, the latter only observed in this solvent system, are 
again attributed to the reduction of coordinated 2-C6F4PPh2 (Figure  3.4 (b) and Table  3.2). 
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Figure  3.4. Cyclic voltammogram of (a) 1.0 mM [PdI(κ2-2-C6F4PPh2)(PPh2Fc)] (21) in CH2Cl2 (0.1 M 
[Bu4N][PF6]) and (b) 0.69 mM [PdI(κ2-2-C6F4PPh2)(PPh2Fc)] (21)  in CH3CN (0.1 M [Bu4N][PF6]) 
using a glassy carbon electrode at a scan rate of 100 mV s-1. Potentials are referred to the DmFc0/+ 
redox couple; T: 21 ± 1 °C. 
 
Table  3.2. Electrochemical data for the reduction of palladium complexes containing FcPPh2, 
[PdBr(κ2-2-C6H4PPh2)(PPh2Fc)] (18) and [PdI(κ2-2-C6F4PPh2)(PPh2Fc)] (21) in dichloromethane and 
acetonitrile.a 
Solvent Compound 
E Ired 
(V) 
E IIred 
(V) 
E IIIred 
(V) 
18 -1.79 -1.99 — CH2Cl2 
21 -1.37 -1.77 — 
18 -1.63 -1.79 — CH3CN 
21 -1.23 -1.59 -1.76 
a
 Supporting electrolyte: 0.1M [Bu4N][PF6]; scan rate: 100 V/s; Potentials are in mV vs DmFc0/+. 
 
A steady-state experiment at a rotating disk electrode in CH2Cl2 (0.1 M [Bu4N][PF6]), 
shows that Ired and IIred have comparable limiting currents. This result suggests that a one-
electron process may be involved in the first palladium reduction. To confirm this 
observation, a controlled potential bulk electrolysis experiment was carried out at -1.45 V 
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vs. DmFc0/+ for the reduction of 21 in CH2Cl2 (0.1 M [Bu4N][PF6]) at  room temperature. 
Coulometric analysis of these data gave a value of napp = 1.10 ± 0.1 electrons per molecule, 
which is in agreement with the RDE analysis, and is consistent with reduction from Pd(II) 
to Pd(I) as described in Scheme  3.1. 
 
In situ spectroelectrochemical studies of the reduction of a 0.07 mM solution of 21 in 
CH2Cl2 (0.1 M [Bu4N][PF6]) showed that the intensity of the absorption bands at 290 and 
375 nm decreased when the potential was held at -1.45 V vs. DmFc0/+ (Figure  3.5), while a 
new weak band appeared at 450 nm12, which could be assigned to the σσ* transition of 
the Pd-Pd bond in the Pd(I) dimer which was expected to be produced by the electrolysis 
[Figure  3.5(b)]6. The dipalladium(I) compound [Pd2(dppf)2(RNC)2] (R = xylyl) is reported 
to show such a band at 449 nm6. 
 
 
Figure  3.5. (a) UV-Visible spectra of a 0.07 mM solution of 21 obtained in CH2Cl2 (0.1 M [Bu4N][PF6]) 
in a spectroelectrochemical experiment during the course of reductive electrolysis at -1.45 V vs. 
DmFc0/+. (b) Comparison of spectra obtained in (a) (—) before and (—) after electrolysis. 
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3.2.2 [PdBr(κ2-2-C6F4PPh2)(PPh3)] (23) in dichloromethane 
As expected, cyclic voltammograms for 1.0 mM solutions of 23 in CH2Cl2 containing 0.1 
M [Bu4N][PF6] as the supporting electrolyte over a wide potential range exhibited only a 
cathodic irreversible process  at about -1.44 V vs. DmFc0/+ associated with the reduction of 
the palladium centre (Figure  3.6).  A second minor process, similar to that observed for 
complex 21, was observed at about -1.77 V vs DmFc0/+. When the potential scan direction 
was reversed, a new oxidation process was observed at about 0.80 V vs. DmFc0/+, which is 
related to oxidation peaks that result from decomposition of the Pd complex after the 
irreversible reduction. This may include free phosphorus-based ligands but the multiple 
peaks and broad nature suggest a mixture of decomposition products. Together with this 
process, two other small peaks at 0.07 and 0.51 V were observed, the second of which 
correlates with the peak observed previously for complex 18 at +0.57 V and may be related 
with the respective bromide ion oxidation peaks (Figure  3.6). From the comparison of 
complexes 21 and 23, it is possible to see that the palladium reduction potentials are mostly 
affected by the fluoride groups on the aromatic ring, as the halide and ferrocene groups 
exchange only produce a 0.07 V shift in the potential for the first reduction process and do 
not change the potential for the second reduction process. 
133 
 
Figure  3.6. Cyclic voltammogram of a 1.0 mM solution of 23 in CH2Cl2 (0.1 M [Bu4N][PF6]) using a 
glassy carbon electrode and a scan rate of (a) 0.2 Vs-1 and (b) 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, and 1.0 Vs-1. 
Potentials are referred vs. DmFc0/+ reference redox couple; T: 21 ± 1 °C. 
 
3.2.3 Electrochemical reduction of [Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] (2) in 
dichloromethane. 
Cyclic voltammetry of a 1.0 mM solution of 2 in CH2Cl2 containing [Bu4N]PF6 as 
supporting electrolyte shows two reduction processes in the potential range studied with 
peak potentials of  -0.952 V and -1.652 V vs. DmFc0/+, respectively as shown in Figure  3.7. 
The first potential in particular, is considerably less negative then those observed in the 
reduction of the tertiary phosphine complexes 20, 21 and 23, presumably as a consequence 
of the absence of the electron-donating tertiary phosphines.  The processes were 
irreversible at all scan rates studied, and the second reduction peak current was almost 
twice that of the first process. The RDE results showed only one well defined reduction 
process. As the second process occurs very close to the solvent limit, the steady state 
current did not reach a plateau.  Application of the Levich equation to the RDE results 
shows the number of electrons per mole transferred in the first reduction process to be two, 
corresponding to reduction to Pd(I) of the two Pd centres in the dimer as shown in Scheme 
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 3.3. The second process, occurring at much more negative potentials, possibly corresponds 
to the further reduction of one of the Pd centres. 
2e-
P
Ph2
PdII
P
Ph2
PdII
Br
BrF
F
F
F
F
F
F
F
+
PPh2
PdI PdI
Ph2P
solvent
F
F
F
F
F
F
F
F
solvent
 
Scheme  3.3. Proposed reaction for the electrochemical reduction of a dipalladium(II) complex to a 
dipalladium(I) dimer. 
 
The reverse positive scans of the potential after the first reduction or second reduction 
processes show two small shoulders at +0.58 and +0.91 V vs. DmFc0/+, the first of which 
presumably corresponds to oxidation of Br- liberated during the reduction to Pd(I). 
 
Figure  3.7. Cyclic voltammogram of a 1.0 mM solution of 2 obtained in CH2Cl2 (0.1 M Bu4NPF6). Scan 
rate: 100 mV/s. Temperature: 21 ± 1 ºC. 
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3.2.4 Electrochemical reduction of [Pd2Br2(MeCN)2(µ-2-C6F4PPh2)2] (12) in 
dichloromethane 
The cyclic voltammograms of 0.7 mM solutions of complex 12 obtained in CH2Cl2 show 
two reduction processes at potentials of -1.39 and -1.69 V vs. DmFc0/+ (Figure  3.8). Both 
reduction processes are irreversible on the voltammetric timescale. The peak current of the 
first reduction process was almost twice that of the second reduction. The behaviour is 
similar to that of complex 2, which is converted into 12 in acetonitrile, but the potential for 
the first reduction is considerably more negative. As in the case of complex 2, the two 
processes can be assigned to reduction of the palladium centres from Pd(II) to Pd(I). The 
first reduction processes could be tentatively assigned to the reduction of Pd(II) to Pd(I) of 
both the Pd centres (assuming that the diffusion coefficients for the two complexes are 
similar), while the second reduction process is assigned to the further reduction of one 
Pd(I) to Pd(0). A new oxidation process at +0.59 V was observed when the potential was 
reversed after the reduction processes. Again, this is reasonably assigned to the oxidation 
of Br- which was released during the reduction of the palladium centres. 
 
Figure  3.8. Cyclic voltammogram of 0.7 mM of complex 12 in dichloromethane (0.1 M Bu4NPF6). Scan 
rate: 100 mV/s. Temperature: 21 ± 1 ºC. 
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3.2.5 Electrochemical behaviour of the dipalladium(I) complex [Pd2(µ-2-
C6F4PPh2)2(PPh3)2] (26) in dichloromethane 
It has been shown that in the electrochemical reduction of complexes 20, 21 and 23 one 
electron is added, presumably to the palladium(II) centre to form a transient palladium(I) 
species, such as [Pd(κ2-2-C6F4PPh2)(PPh3)].  This could be envisaged to dimerise to the 
complex [Pd2(µ-2-C6F4PPh2)2(PPh3)2] (26) which, as mentioned in Chapter 1, can be made 
by comproportionation of [Pd(κ2-2-C6F4PPh2)] and [Pd(PPh3)3]. The proposed sequence of 
events is shown in Equations 1-3. It therefore seemed worthwhile to examine the possible 
reverse process, namely, the electrochemical oxidation of complex 26. 
 
[PdBr(κ2-2-C6F4PPh2)(PPh3)] + e-            [PdBr(κ2-2-C6F4PPh2)(PPh3)]-              (1) 
[PdBr(κ2-2-C6F4PPh2)(PPh3)]-             [Pd(κ2-2-C6F4PPh2)(PPh3)] + Br-              (2) 
2[Pd(κ2-2-C6F4PPh2)(PPh3)]              [(κ2-2-C6F4PPh2)(PPh3)Pd-Pd(κ2-2-C6F4PPh2)(PPh3)]           (3) 
 
Figure  3.9 shows cyclic voltammograms of a 1.0 mM solution of 26 in CH2Cl2 containing 
0.1 M [Bu4N][PF6] as the supporting electrolyte.  Two reversible oxidation processes, 
centred at about 0.28 and 0.77 V vs. DmFc0/+, were observed, neither of which corresponds 
to the potential observed in the reduction of complex 23, and presumably correspond to 
removal of electrons from the dipalladium unit without structural change. 
 
A major peak due to reduction is observed at -1.86 V vs. DmFc0/+, which probably 
corresponds to reduction from Pd(I) to Pd(0), along with a small process at less negative 
potential (Figure  3.9).  
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Figure  3.9. Cyclic voltammogram of a 1.0 mM solution of 26 in CH2Cl2 (0.1 M [Bu4N][PF6]) using a 
glassy carbon electrode and a scan rate of (a) 0.1 Vs-1 and (b) 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, and 1.0 Vs-1. 
Potentials are referred vs. DmFc0/+ reference redox couple; T: 21 ± 1 °C. 
 
3.2.6 Controlled-potential bulk electrolysis 
As described in Section 3.2.5, the CV and RDE results indicate that the first step in the 
electroreduction of complexes of the type [PdX(L)(κ2-2-C6F4PPh2)], [Pd2Br2(κ2-2-
C6F4PPh2)2] and [Pd2Br2(MeCN)2(µ-2-C6F4PPh2)2] is addition of one electron to each 
palladium atom [Pd(II) → Pd(I)]. A preliminary attempt was therefore made to detect the 
formation of [Pd2(µ-2-C6F4PPh2)2(PPh3)2] (26) from the reduction of [PdBr(κ2-
C6F4PPh2)(PPh3)] as implied by Scheme 1.29, Scheme  3.2 and Equations 1-3. 
 
Bulk electrolysis of [PdBr(κ2-2-C6F4PPh2)(PPh3)] (23) was studied at room temperature in 
THF and in dichloromethane containing 0.1 M [Bu4N]PF6 as supporting electrolyte at an 
applied potential of -1.5 V vs. DmFc0/+.  The colour changed over a period of ca. 1h from 
yellow to dark orange and the 31P NMR spectrum was measured after 8h. The spectrum of 
the reduction product consisted of a series of peaks in the range δ ca. 19-27 (See Figure 
 3.10), together with the expected septet due to [PF6]- (δ = 144.3 ppm, J = 720 Hz) along 
with a triplet at δ  = 17.2 ppm, J = 901 Hz assignable to [PO2F2]-, and a doublet at δ = -9.3 
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ppm, J = 910 Hz due to [PO3F]-, the latter two species must have been formed by the 
action of adventitious water in the THF on PF6-. These values for the 31P NMR 
spectroscopic data of [PF6]- and its hydrolysis products are consistent with those reported 
in the literature ([PF6]- δ = 146.1 ppm, J = 709 Hz; [PO2F2]- δ  = -21.6 ppm, J = 975 Hz; 
[PO3F]- δ = -10.1 ppm, J = 934 Hz).13 Unfortunately, there was no sign of the two peaks at 
δ +8 and -19 ppm due to the dipalladium(I) complex 26.1 On standing, the orange solution 
darkened, presumably owing to the formation of metallic palladium. 
 
Figure  3.10. 31P NMR spectrum of the reaction mixture following electrolytic reduction of [PdBr(κ2-2-
C6F4PPh2)(PPh3)] (23) 
 
A similar experiment was carried out in dichloromethane, in which complex 23 is more 
soluble. The resulting 31P NMR spectrum was much more complex than that in THF, 
consisting of a series of well-resolved peaks in the range δ 40-10; the characteristic triplet 
due to [PO2F2]- was also observed.  Again, the characteristic peaks due to complex 26 were 
absent. 
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One possible explanation for these results is that over-reduction has occurred to give 
soluble palladium(0) clusters similar to the palladium(0) clusters mentioned in the 
Introduction. 
 
140 
3.3 References 
1. Bennett, M. A.; Bhargava, S. K.; Privér, S. H.; Organometallics, 2012, 31, 5561. 
2. Aarif, A. M.; Estevan, F.; García-Bernabe, A.; Lahuerta, P.; Sanaú, M.; Ubeda, A. 
Inorg. Chem. 1997, 36, 6472. 
3. Sawyer, D.T.; Sobkowaik, A.; Roberts, J.L.J, Electrochemistry for Chemists, 2nd ed.; 
Wiley; New York, 1995.  
4. Bard, A.J. and Faulkner, L. R. Electrochemical Methods: Fundamentals and 
Applications; John Wiley & Sons Inc., New York, 2001. 
5. Allen, G. D., Buzzeo, M. C., Villagrán, C., Hardacre, C. and Compton, R. G. J. 
Electroanal. Chem. 2005, 575, 311. 
6. Bennett, M.A.; Bhargava, S.K.; Bond, A.M.; Burgar, I.M.; Guo, S.-X.; Kar, G.; Privér, 
S.H.; Wagler, J.; Willisa, A.C. and Torriero, A.A.J. Dalton Trans., 2010, 39, 9079. 
7. Zanello, P.; Opromollas, G.; Giorgi, G.; Sasso, G.; Togni, A. J. Organomet. Chem. 
1996, 506, 61. 
8. Koshevoy, I. O.; Lahuerta, P.; Sanau, M.; Ubeda, M. A.; Domenech, A. Dalton Trans. 
2006, 5536. 
9. Davies, J. A. and Uma, V. J. Electroanal. Chem. 1983, 158, 13. 
10. Chakravarty, B. and Banerjea, D. J. J. Inorg. Nucl. Chem. 1961, 16, 288 
11. Zhang, Y. and Zheng, J. B. Electrochim. Acta 2007, 52, 4082 and references cited 
therein. 
12. Tanase, T.; Matsuo, J.; Onaka, T.; Begum, R. A.; Hamaguchi, M.; Yano, S.; 
Yamamoto, Y. J. Organomet. Chem. 1999, 592, 103. 
13. Lin, L., Wilson, S. R., Girolami, S. Inorg. Chem. 1994, 33, 2265. 
141 
Chapter 4                                                                      
Electrochemical Oxidation of Palladium(II) Complexes of 
Ferrocenyldiphenylphosphine 
4.1 Ferrocene-containing compounds 
Ferrocene-containing compounds mostly find their application in catalysis and materials 
science.1,2 One of the best known properties of ferrocenyl compounds is their ability to 
undergo reversible one-electron oxidation. The presence of a phosphine substituent in one or 
both of the ferrocene rings allows incorporation of the redox-active ferrocenyl moiety into 
transition metal complexes, often leading to an increase in reactivity.1 The most widely 
investigated phosphine-metallocene employed for this purpose is 1,1′-
bis(diphenylphosphino)ferrocene (dppf). The redox active ferrocene backbone of dppf 
provides an area of specific interest, because it has been proposed to influence the electron 
transfer properties of dppf-containing compounds.3 However, unlike ferrocene, the oxidation 
of dppf is not always completely reversible. 
 
The oxidative electrochemistry of dppf has been studied in acetonitrile,4,5 dichloromethane6-10 
and 1,2-dichloroethane.11,12 DuBois et al.4 have demonstrated that, in CH3CN at a glassy 
carbon electrode, an irreversible chemical reaction accompanies oxidation to dppf+. Using a 
Pt bead electrode, Housecroft et al.5 observed reversible oxidative electrochemistry of dppf in 
CH3CN at scan rates from 0.02 to 0.2 V s-1 with peak separations similar to those of 
ferrocene. According to independent studies, the electrochemical oxidation of dppf in CH2Cl2 
is chemically irreversible.6,9,10 The oxidative electrochemistry of dppf in non-coordinating 
media corresponds to essentially reversible one-electron oxidation followed by a fast chemical 
reaction,13 possibly associated with dimerisation of dppf+.11 Although the electrochemically 
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generated dppf+ undergoes other reactions in addition to dimerisation,11 the latter was studied 
over a range of temperatures and concentrations, and activation parameters for the 
dimerisation step were reported. 
 
A variety of compounds closely related to dppf, such as 1,1′-
bis(diisopropylphosphino)ferrocene (dippf),14 1,1′-bis(diphenylphosphino)ruthenocene (dppr) 
and 1,1′-bis(diphenylphosphino)osmocene (dppo),7 have also been investigated 
electrochemically. The oxidation of dppr is irreversible and occurs at a potential that is more 
positive than that of dppf. In complexes of the type, FcCH2PR2 (R = Ph, CH2OH, and 
CH2CH2CN), electrochemical oxidation of the ferrocene moiety is closer to reversible.15 The 
complex electrochemical behaviour of the heavily substituted ferrocenyl complex 1,1′, 2,2′ 
tetrakis(diphenylphosphino)-4,4′-ditertbutylferrocene has also been investigated23 and the 
oxidation has been assigned to a multi-electron process. The reduction process is significantly 
shifted to a more positive potential compared to ferrocene, which has been attributed to the 
electron-withdrawing effect of the PPh2 groups. The reversible potentials and the level of 
chemical reversibility of the oxidation of 1,1′-bis(diphenylphosphino)octamethylferrocene 
(dppomf) and 1,1′-bis(diphenylphosphinoindenyl)iron, Fe(dppind)2, are significantly different 
from those of dppf.16,17 
 
Dppf complexes of palladium have found application in organometallic chemistry and the 
homogeneous catalysis of, for example, C-C coupling and CO insertion reactions.18-20 During 
the study of the electroreduction of the palladacycles [PdX(κ2-2-C6R4PPh2)(PPh2Fc)] (X = Br, 
I) described in Chapter 3, it became clear that, although the electrochemical behaviour of 
PPh2Fc has been reported to be less complex than that of dppf,6,21,22 it has not been studied as 
thoroughly, nor has the influence of P-coordination on its electrochemical behaviour been 
established.   
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This chapter contains a detailed study of the oxidative electrochemistry of PPh2Fc and of 
[PdX(κ2-2-C6R4PPh2)(PPh2Fc)] [X = Br, R = H (18), F (20); X = I, R = H (19), F (21)]. 
 
4.2 Electrochemical oxidation of ferrocenyldiphenylphosphine 
In many solvents, ferrocene (Fc) undergoes an ideal reversible, one-electron oxidation under 
voltammetric conditions to give the ferrocenium cation (Fc+) (Equation 1). However, the 
presence of a diphenylphosphino group on one or both cyclopentadienyl rings usually makes 
the oxidation of Fc to Fc+ more difficult and hence often also leads to an increase in the 
reactivity of the oxidised Fc+ form.1,2,4,8 
Fc             Fc+  +  e- 
                                 (1) 
 
In the solvents of interest in this study, CH2Cl2 and CH3CN, the Fc0/+ couple is reversible 
under conditions of cyclic voltammetry [Figure  4.1 (a) and (b)]. The mid-point potentials (Em) 
calculated from the average of the oxidation (Epox) and reduction (Epred) peak potentials are 
548 and 509 mV, respectively, vs. the decamethylferrocene/decamethylferrocenium 
(DmFc0/+) couple, used to provide the potential reference scale. Cyclic voltammograms 
obtained at a glassy carbon electrode (scan rate = 100 mV s-1, T = 21 °C) for the oxidation of 
1.0 mM solutions of PPh2Fc in CH2Cl2 [Figure  4.1 (c), (d)] and CH3CN [Figure  4.1 (e), (f)] 
containing (0.1 M [Bu4N][PF6]) as the supporting electrolyte, exhibit two major oxidation 
processes (designated Iox and IIox in Figure  4.1).  These have approximately equal peak 
current magnitudes and are observed at ca. 600 mV [reversible, Figure  4.1 (c), process Iox] 
when the potential is switched just after the appearance of the oxidation peak and more 
positive than 1000 mV vs. DmFc0/+ [partially reversible in CH2Cl2 and irreversible in CH3CN, 
Figure  4.1 (c)-(f), process IIox and Table 4.1] prior to the onset of the solvent oxidation.  
However, the voltammetry is clearly more complex than that found for the oxidation of 
ferrocene [Figure  4.1 (a) and (b)]. 
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Figure  4.1. Cyclic voltammograms for the oxidation of 1.0 mM ferrocene in CH2Cl2 (0.1 M [Bu4N][PF6]) 
(a) and 1.3 mM ferrocene in CH3CN (0.1 M [Bu4N][PF6]) (b) and oxidation of 1.0 mM PPh2Fc in CH2Cl2 
(0.1 M [Bu4N][PF6]) (c) and (e) and CH3CN (0.1 M [Bu4N][PF6]) (d) and (f) at a glassy carbon electrode. 
Scan rate: 100 mV s-1; potentials are vs. DmFc0/+; T: 21 ± 1 °C. 
 
The first process is assigned to the oxidation of the ferrocenyl part of the ligand and is close to 
reversible if the potential is switched early enough.  However, it is clear that further oxidative 
processes may have an important influence on the behaviour of process Ired if the potential is 
switched at potentials significantly more positive than that for process Iox. Indeed, the cyclic 
voltammetry for the oxidation of PPh2Fc, when undertaken over a wide potential range, is 
strongly dependent on the switching potential [Figure  4.1 (c)], number of cycles [Figure  4.1 
(c)-(f)] and the scan rate. If the potential is switched just after process Iox, then  
 Table  4.1. Electrochemical data for the oxidation of PPh2Fc and its metal complexes at a glassy carbon electrode.a 
a
 The difference in the mid-point potential (Em) for the Fc0/+ and DmFc0/+ couple is 548 and 509 mV in CH2Cl2 and CH3CN, 
respectively. Supporting electrolyte: 0.1 M [Bu4N][PF6]; scan rate: 100 mV s-1; potentials are in mV referenced to the DmFc0/+ 
redox couple. 
b
 Values are very dependent on the switching potential.  Magnitudes given are for when the potential is switched after process IIox, 
but the ratio approaches unity if the potential is switched just after Iox. 
c
 Derived from rotating disk electrode voltammetry and use of the Levich equation. 
Solvent Compound Em  (I) (mV) I
ox/Ired Em (II) (mV) I
ox/Ired Em (III) (mV) I
ox/Ired D×10
5
 
(cm2 s-1)c 
PPh2Fc 649 0.73b 1079 0.48 786 0.52 0.93 
Dppf 731 0.36b 1328 0.56   0.89 
[PdI(κ2-2-C6F4PPh2)(PPh2Fc)] 741 0.95 1188 0.60 858 0.42 0.71 
[PdBr(κ2-2-C6H4PPh2)(PPh2Fc] 708 1.00   994  0.64 
CH2Cl2 
DmFc 0 0.99     1.44 
PPh2Fc 616 0.76b   758 0.56 1.34 
dppf 705 0.25b 1247 0.37   1.12 
[PdI(κ2-2-C6F4PPh2)(PPh2Fc)] 724 0.66b 1064 0.56   0.83 
[PdBr(κ2-2-C6H4PPh2)(PPh2Fc)] 696 0.80b   1034 0.52 0.79 
CH3CN 
DmFc 0 0.99     1.76 
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Ired is detected and the Iox/Ired couple is described in Equation 2 (for clarity PPh2Fc will be 
written also as C5H5FeIIC5H4PIIIPh2) 
 
C5H5FeIIC5H4PIIIPh2                       C5H5FeIIIC5H4PIIIPh2+e-
-e-
 
                 (2) 
 
with a reversible Em value of 649 and 616 mV vs. DmFc0/+ in CH2Cl2 and CH3CN, 
respectively. These Em values are more positive by about 100 mV, with respect to the Fc/Fc+ 
couple, but not as positive as that found for the oxidation of dppf (Table 4.1). This positive 
potential shift relative to Fc is attributed to the electron acceptor ability of the PPh2 group, 
which reduces the electron density of the Fc unit, thus making its oxidation more difficult. In 
between processes Iox and IIox, a minor process IIIox is seen, as is the companion process IIIred. 
If the switching potential is more positive than that of process IIox, the couple IIIox/IIIred 
becomes much more dominant. In CH3CN, process Ired disappears [Figure  4.1 (d) and (f)], 
whereas its intensity decreases in CH2Cl2 [Figure  4.1 (c) and (e)]. 
 
Processes I and III have been observed previously in CH3CN.6 As summarised in Equations 
2-6, the first oxidation process for phosphine-substituted ferrocenes is the oxidation of Fe(II) 
to Fe(III) (Figure  4.1 process I, Equation 2). The resulting ferrocenium cation is postulated to 
participate in intramolecular electron transfer from the phosphorus atom to iron (via the 
cyclopentadienyl group, Equation 3) which immediately undergoes further chemical one-
electron oxidation with traces of water or oxygen to give a phosphine oxide species (Equation 
4). The phosphine oxide generated in this way was reported by Podlaha et al.6 as being 
responsible for the redox system III referred to in Figure  4.1 (Equation 6). 
 
Analysis by rotating disk glassy carbon electrode voltammetry shows that in CH3CN (0.1 M 
[Bu4N][PF6]), processes I and II for PPh2Fc have the same limiting current magnitude.  In 
contrast, in the case of dppf, the limiting current value for process II is close to twice that for 
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process I. Therefore, process II is assigned to oxidation of the intermediates postulated in 
Equation 3 (which also could include PIII cation radicals as an alternative formulation); it is 
well known that tertiary phosphines can undergo phosphine-based oxidation at such 
potentials.9,10 
C5H5Fe
IIIC5H4P
IIIPh2
C5H5Fe
IC5H4P
VPh2
C5H5Fe
IIC5H4P
IVPh2
 
                   (3) 
C5H5Fe
IIC5H4P
V(O)Ph2
O2C5H5Fe
IIC5H4P
IVPh2
H2O
 
                   (4) 
C5H5Fe
IIIC5H4P
IVPh2
+e-
-e
-
C5H5Fe
IIIC5H4P
IIIPh2
 
                   (5) 
C5H5Fe
IIC5H4P
V(O)Ph2 C5H5FeIIIC5H4PV(O)Ph2+e-
-e
-
 
                   (6) 
 
In CH2Cl2 (0.1 M [Bu4N][PF6]), both processes I and II are electrochemically reversible and 
process III is less evident than in CH3CN. If the switching potential is more positive than that 
for process IIox, the reversible couple IIIox/IIIred becomes more dominant [Figure  4.1 (c) and 
(e)], while process Ired is more prominent at lower scan rates and disappears when the scan 
rate is increased to 5000 mV s-1 (Figure  4.2). Upon repetitive cycling of the potential at low 
scan rate, the voltammetric pattern remains unchanged, demonstrating that the parent complex 
is regenerated during the electrochemical turnover. Meanwhile, at increasing scan rates, a new 
reversible process, V (Figure  4.2), appears with an Em value that is slightly more negative 
than that of process II. In addition, processes II and III decrease in intensity and IIIred becomes 
more positive. All these observations indicate that one or more rapid and reversible 
homogeneous reactions follow the first electron transfer process, probably through a dimeric 
intermediate, as has been suggested for dppf.3,4 Another small process at ca. 1.28 V in CH2Cl2 
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[process IVox in Figure  4.1 (e)] probably arises from an oxidation product derived from 
process IIox. The significant level of chemical reversibility of process II in CH2Cl2 
demonstrates a solvent dependence in the electrochemical behaviour of PPh2Fc; probably the 
more polar and coordinating CH3CN causes the irreversibility of process II by reactions with 
the oxidised product. 
 
Figure  4.2. Cyclic voltammograms for the oxidation of a 1.0 mM solution of PPh2Fc in CH2Cl2 (0.1 M 
[Bu4N][PF6]) at a glassy carbon electrode (1 mm diameter) at (a) 500 mV s-1, and (b) 5000 mV s-1. 
Potentials are vs. DmFc0/+; T: 21 ± 1 °C. 
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Measurements at a glassy carbon rotating disk electrode with 1.0 mM PPh2Fc solution in 
CH2Cl2 and CH3CN showed a linear dependence of the limiting current (for process I) with 
the square root of the angular frequency of rotation. The diffusion coefficient (D) for PPh2Fc, 
derived from the Levich equation,11 was 0.93 × 105 and 1.34 × 105 cm2 s-1 in CH2Cl2 and 
CH3CN, respectively (Table 4.1), assuming the oxidation to be an overall one-electron 
process in both solvents. 
 
4.2.1 UV-Visible spectroelectrochemistry 
The voltammetric data discussed above were obtained with a glassy carbon working 
electrode. Data derived from a platinum disk working electrode are similar, allowing 
spectroelectrochemical studies at this metal electrode to be assumed to be directly relevant to 
the voltammetry reported at glassy carbon.  During the course of oxidative electrolysis of a 
0.2 mM PPh2Fc solution in CH2Cl2 at 750 mV vs. DmFc0/+ using a platinum gauze working 
electrode in a thin layer configuration, the colour changed from pale yellow to light green. As 
shown in Figure  4.3, this change was associated with a decrease in intensity of the bands at 
214 and 248 nm and a shift of the maximum wavelength in this region to 224 and 257 nm, 
respectively. New bands at 293 and 350 nm were formed as the oxidation proceeded. 
Furthermore, two isosbestic points at 234 and 285 nm were observed at the early stages in this 
experiment, consistent with the formation of [PPh2Fc]+. The oxidised solution contained a 
very weak band in the visible region between 600 and 710 nm, which is characteristic of a 
small concentration of a ferrocenium cation (617 nm, ε = 450 M-1 cm-1).12 The observed 
spectroscopic changes are not reversible upon attempted re-reduction at 0.20 V vs DmFc0/+, 
demonstrating that on the spectroelectrochemical time-scale (minutes vs. seconds for cyclic 
voltammetry), a chemical reaction is coupled to oxidation of the ferrocenyl group. 
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Figure  4.3. (a) UV-Visible spectra obtained from 0.2 mM PPh2Fc solution in CH2Cl2 (0.1 M [Bu4N][PF6]) 
during the course of oxidative electrolysis at 750 mV vs. DmFc0/+. (b) Comparison of the spectra for a 0.2 
mM PPh2Fc solution in CH2Cl2 (—) before and (—) after electrolysis. 
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4.2.2 Controlled-potential bulk electrolysis  
In order to obtain more detailed information about the first oxidation process, the apparent 
number of electrons exchanged (napp) during controlled potential electrolytic oxidation of 
PPh2Fc in CH2Cl2 were determined.  Changes in the 31P NMR spectra accompanying bulk 
electrolysis also were investigated. For the NMR measurements, the supporting electrolyte, 
0.1 M [Bu4N][PF6], was replaced by 0.1 M [Bu4N][BF4], which did not affect the 
voltammetric behaviour of PPh2Fc. To obtain napp, the current was recorded as a function of 
time until it had decayed to about 2% of the initial value. Under identical experimental 
conditions, a blank experiment was performed and this current was subtracted from the total 
current in order to obtain the Faradaic electrolysis current. The plot of ln(I) vs. t was nonlinear 
over the period of electrolysis, indicating that the electron transfer was accompanied by 
relatively slow and complex subsequent reactions.13 The total integrated current gave an napp 
value of 0.62 ± 0.10 per molecule. A value of n = 1 is obtained by analysis of the shape of 
rotating disk electrode voltammograms, indicating that additional reactions occur on the much 
longer time scale of bulk electrolysis. An napp < 1 value indicates that a product formed at 
relatively long times reacts with the starting material. 
 
Cyclic voltammograms obtained after exhaustive oxidative electrolysis showed that process 
Iox/Ired had disappeared completely (Figure  4.4), consistent with the irreversibility encountered 
in the oxidation-reduction sequence employed in the UV-Visible spectroelectrochemical 
experiment. Two processes with Em values of 764 mV (minor) and 904 mV (major) vs. 
DmFc0/+ were detected. The latter may be associated with process III discussed above. The 
31P NMR spectrum of PPh2Fc shows a singlet at δ 17, which progressively disappears during 
the course of bulk electrolysis and is replaced by an intense resonance at δ 50, the source of 
which we have not identified. There are also two much weaker resonances of equal intensity 
at δ 36 and 44, the chemical shifts of which are in the range expected for tertiary phosphine 
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oxide species [cf., P(O)Ph2Fc in CDCl3, δ 30.3],14 but neither corresponds to that expected 
from simple oxidation of PPh2Fc. This result is consistent with the observations of Pilloni et 
al.,4 who have identified a range of oxidation products resulting from the electrochemical 
oxidation of dppf. NMR analysis as soon as possible after completion of bulk electrolysis was 
important because further irreversible changes in solution composition occurred with time. 
These data confirm the complexity of the electrochemical oxidation of PPh2Fc in organic 
solvents. 
 
 
Figure  4.4. Cyclic voltammograms obtained before (—) and after (—) exhaustive controlled potential bulk 
electrolysis at 700 mV vs. DmFc0/+ for 3.3 mM PPh2Fc in CH2Cl2 (0.1 M [Bu4N][BF4]) Scan rate: 100 mV 
s-1; T: 21 ± 1 °C. 
 
4.3 Electrochemical oxidation of palladium(II) complexes of 
ferrocenyldiphenylphosphine 
Coordination of the phosphorus atom of PPh2Fc to a metal centre effectively introduces a 
substituent effect into the PPh2Fc electrochemistry. Thus, major processes Iox, IIox are still 
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expected to be encountered, but at different potentials. In the palladium(II) complexes, 
[PdBr(κ2-2-C6H4PPh2)(PPh2Fc] (18) and [PdI(κ2-2-C6F4PPh2)(PPh2Fc)] (21), which were 
chosen for detailed study, the Em values for the couple Iox/Ired associated with oxidation of the 
ferrocenyl component of the PPh2Fc ligand are shifted to even more positive potentials by 193 
and 215 mV in CH2Cl2 and 160 and 187 mV in CH3CN, respectively (Table 4.1). This 
additional shift is attributed to a decrease in electron density at the electroactive moiety of the 
ligand due to σ-donation of the lone pairs of the phosphorus to palladium. The larger shifts 
observed for complex 21 relative to those of 18 are indicative of a stronger σ-donation effect, 
presumably induced by the more electronegative C6F4 group. Resolved processes associated 
with the cis- and trans-isomers detected by NMR spectroscopy (see above) were not 
observed, implying that the Em values are essentially isomer-independent. 
 
Cyclic voltammograms for complex 21 in CH2Cl2 and CH3CN (Figure  4.5) over a wide 
potential range exhibit the expected two major redox processes.  The first, involving oxidation 
of the ferrocene centre, is reversible (Em = 741 mV vs. DmFc0/+) in CH2Cl2, with Ipox/Ipred 
ratios for oxidation (Ipox) and reduction (Ipred) in the range 0.95-1.0 over the scan rate range of 
100 to 1000 mV s-1 when the potential is switched just after Iox.  The second process, 
associated with oxidation of the phosphorus atom, occurs at more positive potentials (Em = 
1188 and 1064 mV vs. DmFc0/+ in CH2Cl2 and CH3CN, respectively). These two principal 
oxidation processes, together with the smaller one at 858 mV vs. DmFc0/+ in CH2Cl2, parallel 
Iox, IIox and IIIox observed for uncoordinated PPh2Fc (compare Figure  4.1 and Figure  4.5). The 
rate of the chemical reaction coupled to the oxidised ferrocenium cation from the palladium 
complex is much slower in CH2Cl2 (Iox/Ired ≈ 1) than it is for the corresponding process in free 
PPh2Fc; however, the rates in CH3CN are similar for the two cases. 
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Figure  4.5. Cyclic voltammograms of (a) 3.8 mM of [PdI(κ2-2-C6F4PPh2)(PPh2Fc)] (21) in CH2Cl2 (0.1 M 
[Bu4N][PF6]) and (b) and (c) 0.7 mM of 21 in CH3CN (0.1 M [Bu4N][PF6]). Scan rate: 100 mV s-1; glassy 
carbon electrode; potentials vs. DmFc0/+; T: 21 ± 1 °C. 
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Nevertheless, the appearance of minor peaks after the first oxidation process indicates that 
[PdI(κ2-2-C6F4PPh2)(PPh2Fc)]+ (21+) is not indefinitely stable, consistent with the instability 
reported for the oxidised forms of complexes containing the dppf ligand.5 
Ferrocenylphosphines are poorer ligands than triphenylphosphine, owing to the electron 
withdrawing character of the ferrocenyl substituents.15 Consequently, the instability of 21+ 
may be due to a weakening of the phosphorus-palladium bond, which is purely σ in character, 
by the positive charge on the PPh2Fc ligand. In this case, the subsequent cleavage of the 
phosphorus-metal bond would lead to free PPh2Fc+ (Equation 7), which is susceptible to the 
series of reactions described above (Equations 2-6). 
 
[PdI(κ2-2-C6F4PPh2)(PPh2Fc)] [PdI(κ2-2-C6F4PPh2)(PPh2Fc)]+
[PdI(κ2-2-C6F4PPh2)]
fast
PPh2Fc
++
+ e-
products
 
             (7) 
 
Cyclic voltammograms for the oxidation of [PdBr(κ2-2-C6H4PPh2)(PPh2Fc] (18) (Figure  4.6) 
include the well defined Iox/Ired couple, and at more positive potentials, exhibit two poorly 
defined oxidation peaks at approximately 950 and 1200 mV. Similar behaviour was observed 
for its iodo analogue 19. No voltammetric oxidation of the closely related ferrocenyl-free 
analogue [PdBr(κ2-2-C6F4PPh2)(PPh3)] (23) was found at potentials up to the solvent 
oxidation limit.  All data imply that the oxidation processes are associated with PPh2Fc and 
not palladium. 
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Figure  4.6. Cyclic voltammograms 1.0 mM of [PdBr(κ2-2-C6H4PPh2)(PPh2Fc] (18) at a glassy carbon 
electrode for in (a) and (b) CH2Cl2 (0.1 M [Bu4N][PF6]) and (c) CH3CN (0.1 M [Bu4N][PF6]). Scan rate: 
100 mV s-1; potentials vs. DmFc0/+; T: 21 ± 1 °C. 
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4.3.1 UV-Visible spectroelectrochemistry 
In situ spectroelectrochemical studies on the oxidation of [PdI(κ2-2-C6F4PPh2)(PPh2Fc)] (21) 
at a platinum gauze electrode at 0.80 V vs. DmFc0/+ are consistent with reactions involving 
oxidation to 21+ followed by breaking of the Pd–P bond, as summarised in Equation 7. The 
electronic spectrum of the oxidised solution [Figure  4.7 (a)] shows absorption bands at 293, 
350, 609 and 654 nm, which closely match those obtained by electrochemical oxidation of 
PPh2Fc [Figure  4.7 (b)]. Furthermore, the wavelengths of the two isosbestic points at 255 and 
310 nm observed at the early stages of the spectroelectrochemical study are similar to those 
found during the first minutes of bulk electrolysis of PPh2Fc.  Again, the isosbestic points 
disappear at longer times, confirming that the initial oxidation process for 21 occurs in the 
PPh2Fc ligand and that palladium redox chemistry is not involved. Moreover, reduction at 400 
mV vs. DmFc0/+ of the oxidised solution does not lead to recovery of the initial spectrum for 
21, as is to be expected if 21+ is unstable on the spectroelectrochemical time scale. 
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Figure  4.7.  (a) UV-Visible spectra of a 0.2 mM solution of [PdI(κ2-2-C6F4PPh2)(PPh2Fc)] (21) in CH2Cl2 in 
a spectroelectrochemical experiment (—) before and (—) after of oxidative electrolysis at 820 mV vs. 
DmFc0/+. (b) Spectral comparison of (—) 0.2 mM PPh2Fc and (—) 0.2 mM 21 in CH2Cl2 after exhaustive 
bulk electrolysis. Absorbance normalisation was applied to facilitate comparison of data. 
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4.3.2 Controlled potential bulk electrolysis 
The voltammogram obtained after oxidative bulk electrolysis of 21 (chosen as a 
representative complex) at a glassy carbon electrode at a potential of 820 mV vs. DmFc0/+ in 
CH2Cl2 (0.1 M [Bu4N][BF4]) (Figure  4.8) is similar to that of free PPh2Fc ligand (Figure  4.4). 
However, on this occasion, the total integrated current corresponded to napp = 1.0 ± 0.1 
electrons per molecule and the colour of the solution changed from orange to dark green. The 
31P NMR spectrum after bulk electrolysis showed that the initially present pairs of equally 
intense doublets at δ ca.  85 and +20, corresponding to the trans isomer (see above), and the 
pair of less intense resonances due to the cis isomer had disappeared and were replaced by a 
small resonance at δ 5.6, a broad signal with multiple resonances from δ 16 - 34, and an 
intense resonance at δ ca. 50. The δ 50 resonance presumably arises from the same species 
that is obtained from exhaustive electrolysis of free PPh2Fc, thus lending support to the 
reaction sequence proposed in Equation 7. The disappearance of the doublets at δ ca. 85 and 
the absence of any new resonances in the region indicate that the four-membered chelate ring 
has been opened; the complex resonances at δ 16 - 34 may be due to the resulting oligomeric 
species. 
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Figure  4.8. Cyclic voltammograms obtained before (—) and after (—) controlled potential bulk 
electrolysis of a 3.8 mM solution of [PdI(κ2-2-C6F4PPh2)(PPh2Fc)] (21) in CH2Cl2 (0.1 M [Bu4N][BF4]) at 
820 mV vs. DmFc0/+. Scan rate: 100 mV s-1; T: 21 ± 1 °C. 
4.4 Conclusions 
The electrochemical oxidation of ferrocenyldiphenylphosphine, PPh2Fc, in dichloromethane 
and acetonitrile has been investigated in detail by cyclic and rotating disk voltammetry, UV-
Visible spectroelectrochemistry and bulk electrolysis. The behaviour of PPh2Fc appears to 
parallel that of dppf; the initially formed cation PPh2Fc+ rapidly undergoes subsequent 
chemical reactions to unidentified products. The palladacyclic complexes [PdX(κ2-2-
C6R4PPh2)(PPh2Fc)] [X = Br, R = H (18), R = F (20); X = I, R = H (19), R = F (21)] are 
oxidised at more positive potentials than PPh2Fc with subsequent cleavage of the metal-
phosphorus bond and formation of PPh2Fc+.  
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Chapter 5                                                                                 
Catalytic Applications of 2-C6F4PPh2 ortho-Metallated 
Palladacycles in the Sonogashira, Heck and Suzuki 
Carbon-Carbon Coupling Reactions 
5.1 Introduction 
The application of palladacycle catalysts in mediating a variety of carbon-carbon and 
carbon-heteroatom coupling reactions has been an active field of research due to their 
significant contributions in organic synthesis.1-5 As discussed in Chapter 2, a number of 
new palladacycles containing the 2-C6F4PPh2 ligand have been prepared with different 
auxiliary ligands, nuclearity (mono- and multi-nuclear), bridging ligands and ring sizes. In 
view of this wide range of structural features, six different palladacycles were selected 
(Scheme  5.1) and their catalytic activity in Sonogashira, Heck and Suzuki C-C bond 
forming reactions were investigated. 
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Scheme  5.1. Selected palladacycle catalysts for C-C coupling reactions. 
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These six palladacycles are significantly different from the other palladacycle catalysts 
reported in the literature because those palladacycles generally contain nitrogen, oxygen or 
sulphur containing ligands6, whereas the present palladacycles contain 2-C6F4PPh2 ligands. 
However, closely related palladium(III) containing palladacycles bearing 2-C6H4PPh2 
ligands, reported by Lahuerta et al., have been shown to be efficient catalysts for the
 
diboration of vinylarenes and alkenes.7 
 
The palladacycle catalysts selected for the present study, contain fluorine-substituted aryl 
groups, which should result in a stronger Pd-C σ-bond, hence reduce the decomposition of 
the complexes to catalytically inactive palladium black. Another interesting aspect of these 
palladacycles (except complex 12) is that they contain a four-membered chelate ring; most 
of the commonly used palladacycles in carbon-carbon coupling reactions contain five- or 
six-membered chelate rings. The release of small amounts of active Pd(0) species may be 
facilitated by the relief of ring strain when the palladium atom is a part of a small four-
membered chelate ring, which in turn could reduce the induction period for these catalyst 
systems.  
 
5.2 Catalytic efficiency of palladacycles for Sonogashira coupling 
Organopalladium assisted Sonogashira coupling reaction of terminal alkynes with aryl and 
alkyl halides provides a direct route to synthesise arylalkynes and conjugated enynes, 
which play a vital role in assembling bioactive natural molecules and organic electronics8. 
These reactions usually require large amounts of palladium catalyst and CuI as co-catalyst. 
The use of a copper co-catalyst often promotes the homocoupling of the alkynes. Many 
recent studies have focused on palladacycles-mediated Sonogashira coupling reactions 
under copper free conditions by employing amines as promoters because CuI may promote 
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the Glaser type homocoupling of terminal alkynes.9 Tetrabutylammonium bromide 
(TBAB) has also been used as a promoter instead of copper iodide for Sonogashira 
coupling reactions.10 Interestingly the addition of TBAB significantly reduces the mole 
percentage of palladium required for a normal Sonogashira reaction.  Hence the catalytic 
activities of the selected palladium complexes were studied in the presence of CuI co-
catalyst and TBAB separately. Aryl chlorides were unreactive under the catalytic 
conditions, so iodoarenes were used as representative aryl halides. 
 
5.2.1 Experimental conditions 
The Sonogashira coupling reaction between iodobenzene and phenyl acetylene was carried 
out in triethylamine in the presence of a palladacycle (5 mol%) and CuI (3 mol%) at 50 ºC 
for 12 hours. When TBAB was used instead of CuI, the amount of palladium catalyst was 
reduced to 1.5 mol% under the same reaction conditions. The same stoichiometric ratios 
were followed when different substituted iodoarenes were used as substrate. All these 
reactions were monitored by TLC to estimate the completion of the reaction and the 
percentage conversion were estimated by gas chromatographic analysis of the reaction 
mixture. The reaction product diphenylacetylene was isolated and its identity was 
confirmed by 1H NMR and mass spectroscopy. 
 
5.3 Results and discussion 
 
Table  5.1 lists the percentage conversion of the Sonogashira coupling of iodobenzene and 
phenylacetylene to give diphenylacetylene using the selected pallacycles as catalysts with 
CuI co-catalyst and TBAB promoter (shown in Scheme  5.2).  
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Scheme  5.2. Palladacycle catalysed Sonogashira reaction between iodobenzene and phenylacetylene.  
 
Table  5.1. Palladacycle mediated Sonogashira coupling of iodobenzene with phenyl acetylene. 
Palladacycle catalysts 
GC yield 
 CuI co-catalyst  
GC yield 
 TBAB promoter  
[Pd2(µ-Cl)2(κ2-2-C6F4PPh2)2] (1) 
[Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] (2) 
[Pd2Br2(MeCN)2(µ-2-C6F4PPh2)2] (12) 
[PdI(κ2-2-C6F4PPh2)(PPh2Fc)] (21) 
[PdBr(κ2-2-C6F4PPh2)(PPh3)] (23) 
[Pd(acac)( κ2-2-C6F4PPh2)] (14) 
73% 
86% 
86% 
94% 
87% 
51% 
84% 
94% 
90% 
97% 
97% 
80% 
Reaction Conditions:  Iodobenzene (0.5 mmol), phenylacetylene (0.6 mmol), Et3N (2 mL), 
palladacycle catalyst (5 mol% and 1.5 mol% for CuI and TBAB reactions, respectively), 
CuI (3 mol%) or TBAB (150 mg), 50 ºC, 12 hours (in the case of CuI), 6hrs (in the case of 
TBAB) 
 
The catalyst efficiency for palladacycle 21 was found to give the greatest yield of coupling 
product, both in the presence of CuI and TBAB, thus was chosen as a reference catalyst for 
the Sonogashira coupling of various substituted aryl iodides and phenyl acetylene. In each 
reaction, the as-obtained coupling product was isolated and the yield determined. Table  5.2 
lists the isolated yields of the products obtained for reactions with CuI and TBAB as 
additives. 
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Table  5.2. Sonogashira coupling of substituted phenyl iodides with phenylacetylene using catalyst 21. 
 
Entry R1 X R Isolated Yield 
(%) 
CuI 
Isolated Yield 
(%) 
TBAB 
1 H I Ph 67 92 
2 4-Me I Ph 73 75 
3 2-Me I Ph 86 85 
4 2-OH I Ph 76 66 
 
Reaction Conditions: aryl iodide (0.5 mmol), phenylacetylene (0.6 mmol), Et3N (2 mL), 
Catalyst 21 (5 mol% and 1.5 mol% used when CuI or TBAB was used as a promoter, 
respectively), CuI (3 mol%) or TBAB (150 mg), 50 ºC, 12 hours (CuI) or 6 hrs (TBAB) 
 
 
All the palladacycles used for this study are air stable and the catalysts did not require an 
inert atmosphere in order to undergo C-C coupling.  Various bromo- and chloroarenes 
were also tested as substrates for the same coupling reaction, however no coupled product 
was detected; only iodobenzenes underwent Sonogashira coupling with these 
palladacycles.  
 
As shown in Table 5.1, all the palladacycles tested showed good catalytic activity under 
copper-free conditions with TBAB added as a promoter. Also, the mole percentage of 
palladacycle catalyst was reduced by one third of the mole percentage of palladium usually 
required when CuI was used as a co-catalyst. The maximum conversion reached after 6 
hours using TBAB, while the reaction took 12 hours to reach maximum conversion using 
the CuI co-catalyst. Catalysts 2, 12, 21 and 23 were more active compared to catalysts 1 
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and 14, for both the CuI and TBAB reactions. The low activity of complex 14 may be due 
to the increased stability of this complex, with the palladium atom being a member of two 
chelate ring systems, once of which is a 5 membered ring. In general, stable palladacycles 
generate the catalytically active palladium species much slower, which is in turn reflected 
in the lower conversion.  
 
TBAB significantly improves the conversion, even under copper-free conditions, and 
requires a lower mole percentage of palladacycle. The major role of TBAB in Sonogashira 
coupling reactions is its involvement in the deprotonation of an acidic hydrogen from the 
alkyne and removal of halide from the intermediate species formed after the oxidative 
addition reaction between the palladacycle and iodobenzene (Scheme  5.3), similar to the 
effect of adding tetrabutylammonium fluoride to Sonogashira coupling reactions.11  
+
+
+
PdL2X2 ArI
ArPd(II)L2X
HC TBAB
-C [TBA+ + HBr]
ArPd(II)L2(CCR) TBAX
+ +
 
Scheme  5.3. Sonogashira reaction mechanism in the presence of TBAB. 
 
After the screening of the six palladacycles for the Sonogashira reaction, catalyst 21 was 
chosen as a reference catalyst for different substrates, both in the presence of CuI and 
TBAB. Table  5.2 shows the isolated yield of the coupled product for each reaction. In the 
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presence of TBAB, these palladacycles showed good conversion, with the exception of 
2-hydroxyiodobenzene. In the case of ortho-substituted aryl iodides (Table  5.2, entries 2 
and 3), the conversion was found to increase as compared to unsubstituted aryl iodides. 
Electron donating groups usually increase the rate of oxidative addition, hence methyl and 
hydroxyl substitution showed better conversion.  
 
In conclusion, it can be noted that all the palladacycles studied showed excellent 
conversion for Sonogashira coupling reactions at ambient conditions, even under copper-
free conditions.  
 
5.4 Catalytic efficiency of palladacycles in Heck coupling 
The Heck coupling reaction is a powerful and versatile method for the coupling of olefins 
with haloalkenes and haloarenes.12 As these reactions are often stereo- and regioselective, 
they are often used in natural products synthesis. 
 
5.4.1 Reaction conditions and the results 
All six palladacycles were tested against the standard Heck coupling between iodobenzene 
and styrene for the synthesis of trans-stilbene (Scheme  5.4). The conversion obtained using 
each palladacycle is listed in Table 5.3. 
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Scheme  5.4. Palladacycle catalysed Heck coupling between iodobenzene and styrene. 
 
Table  5.3. Palladacycle mediated Heck coupling reactions between iodobenzene and styrene to give 
trans-stilbene. 
Palladacycle catalyst GC yield  
[Pd2(µ-Cl)2(κ2-2-C6F4PPh2)2] (1) 
[Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] (2) 
[Pd2Br2(MeCN)2(µ-2-C6F4PPh2)2] (12) 
[PdI(κ2-2-C6F4PPh2)(PPh2Fc)] (21) 
[PdBr(κ2-2-C6F4PPh2)(PPh3)] (23) 
[Pd(acac)( κ2-2-C6F4PPh2)] (14) 
89% 
85% 
83% 
87% 
80% 
90% 
Reaction conditions: Iodobenzene (2 mmol), styrene (2.2 mmol), NaOAc (6 mmol), 
palladacycle catalysts (1.5 mol%), DMAc (5 mL), 130 ºC, nitrogen atmosphere.  
 
 
As in the case of the Sonogashira coupling reaction, palladacycle 21 was tested for the 
Heck coupling between different substituted bromo- and iodoarenes with substituted 
olefins and their conversion into C-C coupled products are given in Table  5.4. Under the 
reaction conditions, arylchlorides were unreactive. 
 
Unlike Sonogashira coupling reactions, Heck reactions mediated by these palladacycles 
required high temperature for their conversion. Each reaction needed 6 hours for the 
completion of the reaction, significantly longer than the time required for most common 
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palladium catalysts to obtain maximum conversion in a Heck coupling reaction. All the 
palladacycle catalysts studied showed greater than 80% conversion of styrene and 
iodobenzene into trans-stilbene.   
 
Complex 21 was chosen as a representative palladacycle for the Heck coupling between a 
variety of substrates and the results are shown in Table  5.4. Interestingly, palladacycle 21 
showed good catalytic activity for the coupling of arylbromides and olefins, although 
longer reactions times were required as compared to the time required for aryliodides. 
 
Table  5.4. Heck olefination of iodo and bromoarenes using palladacycle catalyst 21. 
Entry Haloarene Olefin Time(h) Isolated 
Yield (%)
1
2
3
4
5
6
7
8
PhI
PhI
PhI
4-MeO-C6H4-I
4-MeO-C6H4-I
PhBr
4-Me-C6H4-Br
4-MeO-C6H4-Br
Ph
CO2Bu
CO2Me
Ph
Ph
Ph
Ph
CO2Bu
6
2.5
2.5
8
8
12
24
24
85
90
95
78
82
80
65
63
 
a
 Reaction conditions: haloarene (2 mmol), olefin (2.2 mmol), NaOAc (6 mmol), Catalyst 
21 (1.5 mol%), DMAc (5 mL), 130 ºC, nitrogen atmosphere. 
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The Heck coupling between olefins containing an ester functionality and iodobenzene 
(Table  5.4, entries 2 and 3) showed very high conversion in the presence of palladacycle 
21 within three hours. On the other hand, methoxy-substituted iodobenzene (Table  5.4, 
entries 4 and 5) required 8 hours for completion of the coupling reaction, and no increase 
in conversion was noted for the increase in reaction time. The Heck reaction between 
bromobenzene and styrene using 21 showed 80 % conversion after 12 hours while 
substituted bromobenzenes required 24 hours for completion of the reaction. Electron 
releasing groups present in the bromo- and iodoarene substrates decrease the rate of 
oxidative addition to the catalytically active palladium species, hence show relatively poor 
conversions. However, electron withdrawing groups in the olefin substrate facilitates β-
hydride elimination, which increases the conversion relative to that of the unsubstituted 
olefins. The olefins containing methyl and butyl esters showed high conversion (Table  5.4, 
entries 2 and 3). 
 
In summary, all six palladacycles studied show similar catalytic activity for the Heck 
coupling between iodobenzene and styrene with good conversion. Aryl iodides and olefins 
rapidly undergo Heck coupling, while bromoarenes require more time with moderate 
conversion. 
 
5.5 Catalytic activity of palladacycles for Suzuki coupling reactions 
The palladium-catalyzed Suzuki cross-coupling reaction of aryl halides with arylboronic 
acids represents one of the most well established methodologies in modern organic 
synthesis for the synthesis of biaryl compounds, which are important intermediates for 
pharmaceuticals, herbicides and natural products13.  
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5.5.1 Reaction conditions 
All six catalysts were tested for the Suzuki coupling between iodobenzene and phenyl 
boronic acid to form biphenyl (as shown in Scheme  5.5). K3PO4 was used as a base instead 
of triethylamine, since initial tests showed poor conversion when the amine was used. In 
Suzuki coupling reactions, the base controls the substitution of the halide group from the 
R-Pd-X species to form the more reactive organopalladium alkoxide or organopalladium 
hydroxide14. Formation of such species is crucial in Suzuki coupling reactions, hence 
different bases exert different effects, depending on the palladium complex used as 
catalyst.  When these reactions were carried out in solvents such as DMF and toluene, the 
Suzuki coupling conversion was found to be poor. Moderate converstion was obtained 
using DMAc was used as solvent, and the results are shown in Table  5.5 
+
I B(OH)2
Palladacycle catalysts
K3PO4, DMAc, 130 ºC
 
Scheme  5.5. Palladacycle catalysed Suzuki coupling between iodobenzene and phenylboronic acid. 
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Table  5.5. Palladacycle mediated Suzuki coupling reaction between iodobenzene and phenylboronic 
acid to give biphenyl. 
Palladacycle catalysts GC yield  
[Pd2(µ-Cl)2(κ2-2-C6F4PPh2)2] (1) 
[Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] (2) 
[Pd2Br2(MeCN)2(µ-2-C6F4PPh2)2]  (12) 
[PdI(κ2-2-C6F4PPh2)(PPh2Fc)] (21) 
[PdBr(κ2-2-C6F4PPh2)(PPh3)] (23) 
[Pd(acac)(κ2-2-C6F4PPh2)] (14) 
36% 
57% 
52% 
50% 
33% 
52% 
 
Reaction Conditions:  Iodobenzene (1 mmol), phenylboronic acid (1.5 mmol), K3PO4 (2 
mmol), DMAc (2 mL), Palladacycle catalyst (3.0 mol%), 130 ºC, 12-24h.  
 
All six palladacycle catalyst showed low conversions in the Suzuki coupling as compared 
to the Heck and the Sonogashira coupling reactions. The effect of bases and solvent plays a 
significant role in the Suzuki coupling reaction, since they influence the formation of the 
palladium alkoxide or organopalladium hydroxide, which is the rate determining. The poor 
conversions may be also due to the formation of palladium black under the reaction 
conditions, which is catalytically inactive. Palladacycle 21 was selected to further 
investigate the Suzuki coupling of various substituted aryl halides and aryl boronic acids, 
and the results are shown in Table 5.6. 
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Table  5.6. Suzuki coupling of iodo- and bromoarenes with aryl boronic acids using palladacycle 
catalyst 21. 
 
Entry Haloarene Arylboronic Acid Isolated Yield (%) 
1 C6H5I C6H5B(OH)2 70 
2 C6H5I p-MeO-C6H4B(OH)2 65 
3 C6H5I p-Me-C6H4B(OH)2 68 
4 C6H5I p-F-C6H4B(OH)2 85 
5 p-NO2-C6H4I C6H5B(OH)2 92 
6 p-MeO-C6H4I C6H5B(OH)2 90 
7 o-Me-C6H4I C6H5B(OH)2 62 
8 p-Me-C6H4Br C6H5B(OH)2 60 
9 C6H5Br C6H5B(OH)2 70 
10 p-NO2-C6H4Br C6H5B(OH)2 80 
11 p-MeO-C6H4Br C6H5B(OH)2 58 
 
Reaction Conditions:  Aryl halide (1 mmol), arylboronic acid (1.5 mmol), K3PO4 (2 
mmol), DMAc (2 mL), Catalyst 21 (3.0 mol%), 130oC, 12-24h.  
 
Nitro-substituted aryl-iodides and -bromides showed good conversion (Table 5.6, entries 5, 
10) possibly because the electron-withdrawing nature of the nitro group promotes the aryl 
halide to undergo oxidative addition faster than the rate of deactivation of the palladacycle 
by the boronic acid. An electron-withdrawing effect in the fluoro-substituted aryl boronic 
acid also gave high conversion (Table 5.6, entry 4), presumably because of the increased 
acidity of acid, enabling the rapid formation of a boronate complex with the base faster 
before the boronic acid is able to deactivate the palladacycle. Palladacycle 21 was able to 
catalyse the Suzuki coupling of arylbromides (Table 5.6, entries 8-11), although 24 hours 
was required for the completion of the reaction. Very good conversion was obtained for the 
Suzuki coupling of p-nitrobromobenzene with phenylboronic acid (Table 5.6, entries 10). 
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In conclusion, these palladacycles showed poor to moderate activity for the Suzuki 
coupling of haloarenes and aryl boronic acids, and electron withdrawing substituents in the 
substrates greatly improved the conversion. Moderate activity was also be obtained for 
activated aryl bromides. 
 
5.6 Fate of the palladacycle catalysts after the reaction 
At the end of the all coupling reactions, the color of the reaction mixture turned to black, 
significantly different from the originally yellow color before reaction. This is a clear 
indication of palladium nanoparticle formation,7 hence catalyst recovery studies and their 
reusability could not be carried out.  
 
5.7 Conclusions 
In summary, four-membered phosphapalladacycles have been shown to be moderate to 
good catalysts for the Sonogashira and Heck reactions, but poor to moderate activity in the 
Suzuki reaction, as summarised in Figure  5.1. Notably, these palladacycles showed good 
conversion in the Sonogashira reaction under copper iodide free conditions.  
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Figure  5.1. Catalytic performance of selected palladacycles in the Sonogashira, Heck and Suzuki 
coupling reactions. 
 
From these results, mononuclear palladium complexes generally show better catalytic 
activity than their dinuclear complexes, and ligands such as the ferrocenyl phosphine 
appears to improve the release of active low coordinate Pd(0) species. These initial results 
indicate the potential of using four-membered palladacycles as catalysts for carbon-carbon 
coupling reactions, and the scope for future studies is open. 
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Chapter 6                                                                              
Conclusions and Future Work 
 
The work described in this thesis represents a significant addition to the family of 
cyclopalladated complexes and to our knowledge of the chemistry of ortho-palladated 
compounds, especially those containing chelate and bridging 2-C6F4PPh2 ligands. 
 
The reactions of equimolar amounts of 2-Me3SnC6F4PPh2 and [PdX2(cod)] at room 
temperature gave the halide-bridged dimers [Pd2(µ-X)2(κ2-2-C6F4PPh2)2] [X = Cl (1), 
Br (2)] in good yields. The use of the tin reagent under mild reaction conditions is 
more convenient and provides a less impure product than that obtained by ligand 
scrambling of the bis(chelate) complex trans-[Pd(κ2-2-C6F4PPh2)2] and 
[PdX2(NCMe)2].1  The 2-Me3SnC6F4PPh2 reagent has also been shown to be a 
convenient alternative to 2-LiC6F4PPh2 for the preparation of the digold(I) complex 
[Au2(µ-2-C6F4PPh2)2].2  The [Pd2(µ-X)2(κ2-2-C6F4PPh2)2] complexes are not 
thermodynamically stable and slowly rearrange in solution over several days to give 
the tetranuclear complexes [Pd4(µ-X)4(µ-2-C6F4PPh2)4] containing bridging 2-
C6F4PPh2. In contrast, attempts to prepare protio analogues of 1 and 2 by reacting 2-
Me3SnC6H4PPh2 with [PdX2(cod)] were unsuccessful, and the only isolable products 
were the tetranuclear complexes [Pd4(µ-X)4(µ-2-C6H4PPh2)4]; transient species 
containing chelating 2-C6H4PPh2 ligands were detected by in situ 31P NMR 
spectroscopy. Evidently, complexes containing chelating 2-C6H4PPh2 ligands 
rearrange to the bridging mode of coordination much more readily than their fluorine-
substituted counterparts, highlighting the difference in behaviour between these two 
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ligands. This conclusion has also been demonstrated in the closely related platinum 
chemistry; the chelate rings of cis- and trans-[Pt(κ2-2-C6F4PPh2)2]1 do not undergo 
κ
2
 → µ rearrangement when heated in solution, whereas cis-[Pt(κ2-2-C6H4PPh2)2] 
dimerises on heating to give [Pt2(κ2-2-C6H4PPh2)2(µ-2-C6H4PPh2)2].3 
 
The rearrangement from chelate to bridging mode of coordination is not always 
straightforward. Heating a solution of [Pd2(µ-SCN)2(κ2-2-C6F4PPh2)2] (6), prepared 
by anation of 2 with silver thiocyanate, gave the tetranuclear complex [Pd4(µ-
SCN)4(µ-2-C6F4PPh2)2(κ2-2-C6F4PPh2)2] (7), in which only two of the four chelate 
rings are opened; all attempts to open the remaining chelate rings were unsuccessful. 
Two tetranuclear species were also obtained from the facile room temperature 
rearrangement of [Pd2(µ-I)2(κ2-2-C6F4PPh2)2] (8), namely [Pd4(µ-I)4(µ-2-C6F4PPh2)4] 
(9) and [(κ2-2-C6F4PPh2)Pd(µ-I)(µ-2-C6F4PPh2)Pd(µ-I)2Pd(µ-I)(µ-2-C6F4PPh2)Pd 
[(κ2-2-C6F4PPh2)] (10). The reactions of 1 and 2 with acetonitrile lead to irreversible 
opening of the chelate rings to give [Pd2X2(MeCN)2(µ-2-C6F4PPh2)2] [X = Cl (11), Br 
(12)], whereas acetone or THF solutions gave species (probably mononuclear 
solvento complexes derived by halide-bridge cleavage) in which the chelate rings 
were retained, and regeneration of the original dimer occurred when the solvent was 
removed in vacuo.  
 
These rearrangements are probably initiated by one-ended dissociation of the Pd−P 
bond, driven by the relief of strain in the four-membered ring. The facile, stepwise 
displacement of the phosphorus atoms in cis-[Pt(κ2-2-C6H4PPh2)2] by P-donors (L) to 
give [Pt(κC-2-C6H4PPh2)2L2],4 and the reaction of [PdBr(κ2-2-C6F4PPh2)(PPh3)] (23) 
with PPh3 to give trans-[PdBr(κC-2-C6F4PPh2)(PPh3)2] (25) described here, provide 
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models for the initial dissociation step. The rearrangements are promoted by polar or 
coordinating solvents, such as methanol and acetonitrile, which may stabilise the 
necessary vacant sites on the metal atoms. This type of facile chelate to bridging 
transformation has not been demonstrated previously in solutions of ortho-metallated 
triarylphosphine complexes. 
 
The reduction of ortho-palladated complexes of 2-C6R4PPh2 (R = H, F) has been 
studied by cyclic voltametric and rotating disk electrochemical techniques, mainly in 
dichloromethane and acetonitrile. In general, the course of electrochemical reduction 
of palladium(II) complexes of 2-C6H4PPh2 could not be defined. However, in the case 
of the 2-C6F4PPh2 complexes, the results are consistent with initial one-electron 
reduction per palladium atom, generating transient palladium(I) species. For example, 
using coordinated PPh2Fc as an internal standard, the cyclic voltammogram [PdI(κ2-2-
C6F4PPh2)(PPh2Fc)] (as a mixture of cis- and trans-isomers) showed an irreversible 
one-electron reduction wave at -1.37 V (vs. decamethylferrocene) in dichloromethane, 
which is tentatively assumed to generate a short-lived mononuclear palladium(I) 
intermediate [Pd(κ2-2-C6F4PPh2)(PPh2Fc)]; a second reduction wave was also present 
at more negative potential. Similar results were obtained in acetonitrile, though 
reduction occurs more easily, by ca. 0.14 V, owing to the predominance of the more 
easily reduced cis-isomer in this solvent. In contrast, the closely related complex 
[PdBr(κ2-2-C6H4PPh2)(PPh2Fc)] was more difficult to reduce, by ca. 0.4 V, in 
dichloromethane and acetonitrile. Clearly, fluorine substitution in the aromatic ring of 
the C6R4PPh2 ligand enables the palladium centre to be more easily reduced. A similar 
effect of fluorine substitution was evident in the reduction potentials for the pair of 
related complexes [Pd2(acac)2(µ-2-C6H4PPh2)2] and [Pd2(hfacac)2(µ-2-C6H4PPh2)2]. 
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Attempts to detect the known dipalladium(I) complex [Pd2(µ-2-C6F4PPh2)2(PPh3)2] 
from the controlled potential reduction of [PdBr(κ2-2-C6F4PPh2)(PPh3)] were 
unsuccessful, the products being ill-defined, possibly a mixture of palladium clusters 
formed by over-reduction. 
 
The cation [PdX(κ2-2-C6F4PPh2)(PPh2Fc)]+, which is the initial product of cyclic 
voltammetric oxidation of the neutral compound, rapidly releases [PPh2Fc]+ by 
cleavage of the Pd−P bond. The voltammetric behaviour of [PPh2Fc]+ is considerably 
more complex than that of ferrocenium and probably involves oxidation at the 
phosphorus centre, but the species generated could not be identified definitively. 
 
The catalytic properties of selected complexes were investigated for use in C−C bond 
forming reactions. In the Heck and Sonogashira reactions, moderate to good activity 
was observed for the coupling of aryl halides with alkenes or alkynes, and as 
expected, higher yields were obtained for substrates containing electron-withdrawing 
groups. In contrast, only poor yields were obtained for the Suzuki coupling of 
haloarenes with substituted and unsubstituted phenyl boronic acid. In all cases, the 
yields of coupled product were significantly lower than those reported using the 
Herrmann-Beller catalyst, viz., the cyclopalladated complex trans-[Pd2(µ-
OAc)2{κ2P,C-2-CH2C6H4P(o-tolyl)2}2], and can be attributed to the thermal 
instability of the present complexes, which readily decompose to palladium black at 
elevated temperatures. 
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From the results presented in this thesis, several directions for future work have 
become apparent. The use of 2-Me3SnC6F4PPh2 is a convenient alternative to other 
metallating agents like organolithiums for the preparation of cyclopalladated 
complexes under mild reaction conditions. It has also been successfully used to 
prepare cyclometallated complexes of gold2 and platinum,5 and based on these 
promising results, it would be of interest to determine if cyclometallated complexes of 
other transition metals could be prepared. The conversion from chelating to bridging 
modes of coordination for the 2-C6F4PPh2 group is relatively slow, which may also 
enable the isolation of species that can only be observed as short-lived intermediates 
in the analogous 2-C6H4PPh2 chemistry. The observation that the cyclopalladated 
complexes containing the 2-C6F4PPh2 ligand exhibit a reduction wave in their cyclic 
voltammograms consistent with the formation of palladium(I) species is promising, 
but further work remains to fully understand the processes involved. Since [ I2Pd (µ-
C6F4PPh2)2(PPh3)2] is a stable complex that has been prepared by a 
comproportionation procedure, it should be possible in principle to generate it by 
electrochemical reduction of a palladium(II) precursor, and further experiments on 
this problem are justified. 
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Chapter 7                                                                           
Experimental 
7.1 General procedures 
Reactions were performed under an atmosphere of dry argon with the use of standard 
Schlenk techniques. All glassware was oven-dried overnight. Dichloromethane was 
refluxed over calcium hydride and distilled under nitrogen before use in synthesis. Hexane 
was dried over sodium/benzophenone and distilled prior to use. Acetone was dried over 3A 
molecular sieves and all other solvents used in syntheses were dried by the use of a 
standard column drying system; dichloromethane (for electrochemical experiments) was 
dried over basic alumina.  The supporting electrolytes [Bu4N][PF6] and [Bu4N][BF4] were 
recrystallised twice from ethanol.1 The compounds 2-BrC6F4PPh2,2 [PdX2(cod)] (X = Cl, 
Br),3 [Na(acac)],4 PPh2Fc5 and [Pd4(µ-Br)4(µ-2-C6H4PPh2)4]6  were prepared by the 
appropriate literature methods; all other reagents were commercially available and used as 
received. 
7.2 Physical measurements 
Elemental analyses were performed by the Microanalytical Unit of the Research School of 
Chemistry at The Australian National University (ANU). 1H (300 MHz), 13C (75 MHz), 19F 
(282 MHz) and 31P (121 MHz) NMR spectra were recorded on a Bruker Avance 300 
spectrometer in C6D6 at room temperature, unless otherwise stated. 31P NMR spectra of 
solutions after bulk electrolysis were measured on a 300 MHz Varian Unity-Plus 
spectrometer in CD2Cl2. Coupling constants (J) are given in Hertz and chemical shifts (δ) 
are given in ppm, internally referenced to residual solvent signals (1H, 13C), internal CFCl3 
(19F) or external 85% H3PO4 (31P). Mass spectra were recorded on a Bruker Apex 3 FTICR 
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or a Micromass Platform mass spectrometer. Accurate mass determinations were carried 
out on a Waters ESI-TOF Premier XE instrument. Raman spectra were obtained on a 
Perkin Elmer Raman Station 400 as solid samples in glass capillary tubes. Infra-red spectra 
(4000-400 cm-1) were obtained on a Perkin Elmer Spectrum 2000 FT-IR spectrometer as 
KBr disks.  
7.3 X-ray crystallography 
Crystals suitable for single-crystal X-ray diffraction were obtained by layering a CH2Cl2 or 
benzene solution of the complex with hexane or methanol, or by slow evaporation from 
acetonitrile. Suitable crystals of 13 and 22 was serendipitously selected from aged 
solutions of 21. Using a drop of Paratone (inert oil), crystals were mounted on a glass 
capillary and transferred to a stream of cold nitrogen. The reflection data were collected on 
a Nonius Kappa CCD diffractometer equipped with a 95 mm camera and graphite-
monochromated Mo Kα radiation (λ = 0.71073 Å), in φ- and ω-scan modes. Data were 
measured by use of COLLECT.7 The intensities of reflections were extracted and the data 
were reduced by use of the computer programs Denzo, SORTAV, and Scalepack.8,9 The 
crystal structures of 2-Me3SnC6F4PPh2, 2-5, 6, 7, 9-15 and 25 were solved by direct 
methods with the use of SHELXS-9710 or by the Patterson method in SHELXS-97. 
Structure refinement on F2 was carried out by a full-matrix least-squares procedure with 
the use of SHELXL-97.11 The structure of 23 was solved and refined on F2 with use of the 
programs SIR9212 and CRYSTALS,13 respectively. Refinement of the modulated structure 
of 8•CH2Cl2 was performed on F using the program RAELS200614 with a weighting 
scheme that included an uncorrelated 3% error in Fobs in addition to the counting statistics 
error for Fobs. Because of weak intensity of the higher order satellite reflections, it was 
decided to use a constrained refinement model, and 870 independent variables were used to 
describe 249 nonhydrogen atom positions and their atomic displacement parameters. 
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Hydrogen atoms were reinserted in geometrically sensible positions after each refinement 
cycle and given atom displacement parameters determined by the parameters describing 
the atoms to which they are attached. The complex has pseudo 2/m local symmetry, so the 
constrained models used refinable local orthonormal coordinates relative to refinable local 
orthonormal axial systems to force chemically equivalent ring systems to have an equal 
local planar geometry that was refinable while not constraining the connectivity of these 
rings. Atom displacement parameters for these rings and attached F or H atoms were 
refined using T, TL, or TLX parameterisations.15 Each disordered phenyl ring was 
described by a six-variable T model, each ordered phenyl ring was described by a 12-
variable TL model centred on the P atom to which it was attached, and each C6F4 fragment 
was described using a 15-variable TLX model. CCDC reference numbers 799192-799209 
refer to the crystal structures reported in this thesis.  
A detailed list of crystal and refinement data for the structures discussed in this thesis is 
given in Appendix 4. 
7.4 Electrochemistry 
Electrochemical experiments were carried out in a standard three electrode arrangement 
with a BAS Model 100B electrochemical workstation (Bioanalytical Systems,West 
Lafayette, IN, USA) at Monash University,or a CH electrochemical workstation (CH 
instruments, Texas, USA) at RMIT. A platinum wire auxiliary electrode and a Ag/AgCl 
(CH2Cl2, 0.1 M [Bu4N][PF6]) single junction quasi-reference electrode were used for 
voltammetric studies in CH2Cl2, although the potentials are quoted relative to the DmFc0/+ 
potential scale. The same reference electrode was used with the other techniques in 
CH2Cl2, but a Ag/Ag+ (0.01 M AgNO3, 0.1 M [Bu4N][PF6]) double junction reference 
electrode was used for studies in CH3CN. A glassy carbon (GC) working electrode with a 
diameter of 0.1 cm and an effective area of 0.0072 cm2 was used for cyclic voltammetric 
189 
experiments; the GC working electrode used for rotating disc experiments had a diameter 
of 0.3 cm and an area of 0.071 cm2, and was used with a BAS RDE-2 accessory. The areas 
or radii of the voltammetric working electrodes were determined from cyclic 
voltammograms using the peak current derived from the oxidation of a 1.0 mM solution of 
ferrocene in CH3CN (0.1M[Bu4N][PF6]) (diffusion coefficient of 2.3 x 10-5 cm2 s-1) 
degassed with N2 and with application of the relevant equations, i.e., the Randles-Sevcik 
equation for the transient voltammetry with macrodisk electrodes, and the Levich equation 
for the rotating disk electrode (RDE) voltammetry.16  For spectroelectrochemical studies, a 
Pt gauze working electrode and a Pt wire auxiliary electrode separated from the Pt gauze 
by a fine porosity frit were used with a rectangular quartz cuvette (1.0 mm optical path 
length) as the electrochemical cell. In the case of bulk electrolysis experiments, a GC tube 
working electrode and a Pt gauze auxiliary electrode separated from the test solution by a 
fine porosity glass frit were used. In order to avoid the [Bu4N][PF6] signal in the 31P NMR, 
this supporting electrolyte was replaced by 0.1 M [Bu4N][BF4] in bulk electrolysis 
experiments in some cases. Prior to each voltammetric experiment, the working electrode 
was polished with 0.3 mm alumina (Buehler, Lake Bluff, IL) on a clean polishing cloth 
(Buehler), sequentially rinsed with distilled water and acetone, and then dried with lint-free 
tissue paper or under a nitrogen stream. The solutions used for voltammetric, 
spectroelectrochemical and bulk electrolysis measurements were purged with solvent-
saturated nitrogen gas before each experiment and were blanketed with nitrogen gas during 
the experiment. In spectroelectrochemical experiments, UV-visible spectra (Varian Cary 5 
NIR/Vis/UV spectrophotometer) over the wavelength range from 200-800 nm were 
recorded continuously at a scan rate of 600 nm min-1 until the electrolysis was complete. 
All electrochemical studies were carried out at room temperature (21 ± 1 °C). 
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7.5 Ligand synthesis 
7.5.1 Preparation of [(2-trimethylstannyl)tetrafluorophenyl]diphenylphosphine 
[2-Me3SnC6F4PPh2] 
A solution of 2-BrC6F4PPh2 (6.6 g, 16 mmol) in ether (100 mL) was cooled to -78 ºC and 
treated slowly with a solution of nBuLi (1.6 M in hexanes, 10.0 mL, 16 mmol). After 
stirring the mixture for 30 min, Me3SnCl (1.0 M in hexanes, 16.0 mL, 16 mmol) was added 
dropwise and the solution was stirred at -78ºC for 2 hours. After being allowed to warm to 
room temperature, the suspension was hydrolyzed and the ether layer was separated. The 
aqueous phase was extracted with ether (3 × 50 mL) and the combined organic phases 
were dried (MgSO4). After filtration, the solvent was removed and the gummy solid was 
recrystallised from hot methanol to give white crystals of the title compound (6.9 g, 87%). 
 
m.p.: 77-79ºC. 1H NMR (CDCl3): δ 0.48 (t, J = 1.6 Hz with 117Sn/119Sn satellites, J = 54.9, 
57.8 Hz, 9H, SnMe3), 7.2-7.4 (m, 10H, aromatics). 13C NMR (CDCl3): δ -3.9 (dd, J = 4.5, 
13.3 Hz with 117Sn/119Sn satellites, J = 361, 381 Hz) together with 128.5 (d, J = 6.4 Hz), 
128.8 (s), 132.4 (dd, J = 1.8, 18.9 Hz), 134.6 (dd, J = 2.2, 9.2 Hz) due to the PPh2 carbons 
and low intensity peaks at δ 125.5 (m), 140.7 (m), 141.5 (m), 148.7 (m), 150.1 (m), 150.7 
(m) due to the C6F4 carbons. 31P NMR (CDCl3): δ -0.2 (ddd, J = 1.6, 2.9, 22.8 Hz with 
unresolved 117Sn/119Sn satellites, J = 29.4 Hz). ESI-MS (m/z): 499 [M+H]+. Anal. Calcd. 
for C21H19F4PSn: C 50.75, H 3.85, F 15.29. Found: C 51.04, H 3.96, F 15.32. 
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7.6 Preparation of palladium complexes containing the 2-C6F4PPh2 
fragment 
7.6.1 Preparation of [Pd2(µ-Cl)2(κ2-2-C6F4PPh2)2] (1) 
A mixture of 2-Me3SnC6F4PPh2 (500 mg, 1.0 mmol) and [PdCl2(cod)] (287 mg, 1.0 mmol) 
was dissolved in CH2Cl2 (15 mL) to give a yellow solution and after 2 hours, the solvent 
and volatile byproducts were removed in vacuo. The residue was dissolved in CH2Cl2, 
hexane was added and the solution was evaporated under reduced pressure until a bright 
yellow solid precipitated. This was isolated by filtration, washed with hexane and dried in 
vacuo to give 1 (400 mg, 84%). The ratio of trans:cis isomers estimated from the 31P NMR 
spectrum was ca. 1.5:1, but varied between preparations.  1H NMR: δ 6.7-7.5 (m, 20H, 
aromatics). 31P NMR: δ -76.8 (br. s), -77.5 (br. s). ESI-MS (m/z): 970.8255; calcd. 
970.8257 [M+Na]+. Anal. Calcd. for C36H20Cl2F8P2Pd2: C 45.51, H 2.12, Cl 7.46, F 16.00. 
Found: C 45.41, H 2.43, Cl 7.33, F 15.90. 
7.6.2 Preparation of [Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] (2) 
This compound was made similarly to 1 from 2-Me3SnC6F4PPh2 (500 mg, 1.0 mmol) and 
[PdBr2(cod)] (376 mg, 1.0 mmol) in CH2Cl2 (15 mL) and was obtained as a dark yellow 
solid (460 mg, 88%). The trans:cis ratio was ca. 3:1, but varied between preparations.  1H 
NMR: δ 6.7-7.5 (m, 20H, aromatics). 31P NMR: δ -76.5 (br. s), -77.9 (br. s). ESI-MS (m/z): 
1058.7267; calcd. 1058.7246 [M+Na]+. Anal. Calcd. for C36H20Br2F8P2Pd2: C 41.61, H 
1.94, Br 15.38, F 14.63. Found: C 41.75, H 2.13, Br 15.30, F 15.14. 
7.6.3 Preparation of [Pd2(µ-OAc)2(κ2-2-C6F4PPh2)2] (3) 
To a solution of 2 (100 mg, 0.1 mmol) in CH2Cl2 (15 mL) was added AgOAc (30 mg, 0.3 
mmol) and the mixture was stirred for 30 min in the dark, during which time the color of 
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the suspension faded to pale yellow. The insoluble silver salts were removed by filtration 
through Celite and the volume of the filtrate was reduced by half under reduced pressure. 
Addition of hexane precipitated a pale yellow solid, which was isolated by filtration, 
washed with hexane and dried to give 3 (75 mg, 78%).  1H NMR: δ 2.26 (s, 6H, Me), 6.6-
7.2 and 7.9-8.2 (m, 20H, aromatics). 31P NMR: δ -73.9 (br. s). ESI-MS (m/z): 1019 
[M+Na]+. IR (ν, cm-1): 1421 and 1567 (COO str.). Anal. Calcd. for C40H26F8O4P2Pd2: C 
48.17, H 2.63, F 15.24. Found: C 48.39, H 2.96, F 14.50.  
7.6.4 Preparation of [Pd2(µ-OBz)2(κ2-2-C6F4PPh2)2] (4) 
This compound was made analogously to 3 above from 2 (100 mg, 0.1 mmol) and AgOBz 
(65 mg, 0.3 mmol) in CH2Cl2 (15 mL). The yield of 4 was 80 mg (74%).  1H NMR: δ 6.7-
8.7 (m, 30H, aromatics). 31P NMR: δ -74.3 (br. s). ESI-MS (m/z): 1145 [M+Na]+. IR (ν, 
cm-1): 1396 and 1596 (COO str.). Anal. Calcd. for C50H30F8O4P2Pd2: C 53.55, H 2.70, F 
13.55. Found: C 53.20, H 2.87, F 13.09. 
7.6.5 Preparation of [Pd2(µ-SCN)2(κ2-2-C6F4PPh2)2] (6) 
To a dark yellow solution of 2 (100 mg, 0.1 mmol) in CH2Cl2 (15 mL) was added AgSCN 
(50 mg, 0.3 mmol). The solution became turbid, and after stirring for 15 min in the dark, 
the suspension was filtered through Celite to give a pale yellow solution. Hexane was 
added and the volume was partially evaporated under reduced pressure to precipitate the 
product as a pale yellow solid which was isolated by filtration, washed with hexane and 
dried in vacuo (81 mg, 84%).  31P NMR: δ -78.2 (br. s). ESI-MS (m/z): 1019 [M+Na]+. IR 
(ν, cm-1): 2142 (C≡N str.). Anal. Calcd. for C38H20F8N2P2Pd2S2: C 45.85, H 2.03, N 2.81, F 
15.27, S 6.44. Found: C 45.73, H 2.31, N 2.85, F 15.48, S 6.25. 
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7.6.6 Preparation of [Pd4(µ-SCN)4(κ2-2-C6F4PPh2)2(µ-2-C6F4PPh2)2] (7) 
A toluene solution (15 mL) of 6 (100 mg, 0.1 mmol) was heated to 60 °C for 3-5 hours, 
during which time the solution became almost colorless. Addition of hexane precipitated 7 
which was separated by filtration, washed with hexane and dried in vacuo (80 mg, 80%).  
1H NMR: δ 6.7-8.2 (m, 40H, aromatics). 31P NMR: δ 19.5 (br. s), -78.0 (br. s). ESI-MS 
(m/z): 1991 [M]+. IR (ν, cm-1): 2143 and 2157 (C≡N str.). Anal. Calcd. for 
C76H40F16N4P4Pd4S4: C 45.55, H 2.03, N 2.81. Found: C 45.47, H 2.39, N 2.77. 
7.6.7 Preparation of [Pd2(µ-I)2(κ2-2-C6F4PPh2)2] (8) 
A solution of 3 (100 mg, 0.1 mmol) in dichloromethane (10 mL) was treated with a 
solution of NaI (45 mg, 0.3 mmol) in methanol (10 mL). After stirring the mixture for 15 
min, the solvents were evaporated under reduced pressure. The residue was extracted with 
dichloromethane and the solution was filtered through Celite.  The filtrate was evaporated 
to dryness to give a dark brown solid, which consisted mainly of a mixture of trans and cis 
isomers (2:1) of 8 (91 mg, 80%). In some preparations, variable amounts of unidentified 
impurities were also present. On separate occasions, attempts to grow X-ray quality 
crystals of 8 from CH2Cl2/hexane gave the tetranuclear species 9 and 10.  1H NMR: δ 6.2-
8.6 (m, 20H, aromatics). 31P NMR: δ -78.2 (br. s), -81.1 (br. s). ESI-MS (m/z): 1154.6993; 
calc. 1154.6969 [M+Na]+. Anal. Calcd. for C36H20F8I2P2Pd2: C 38.16, H 1.78, F 13.41,  I 
22.40. Found C 38.31, H 1.74, F 13.46, I 22.35.  
7.6.8 Preparation of [Pd2Cl2(NCMe)2(µ-2-C6F4PPh2)2] (11) 
A yellow solution of 1 (100 mg, 0.1 mmol) in MeCN (10 mL) was stirred overnight. The 
bright yellow solid that precipitated was isolated by filtration, washed with MeCN and 
dried in vacuo (90 mg, 83%).  1H NMR: δ 0.59 (s, 6H, MeCN), δ 6.7-8.1 (m, 20H, 
aromatics). 31P NMR: δ 27.8 (br. s). ESI-MS (m/z): 997 [M-Cl]+. IR (ν, cm-1): 2294 cm-1 
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(C≡N str.). Anal. Calcd. for C40H26Cl2F8N2P2Pd2: C 46.54, H 2.54, N 2.71, Cl 6.87, F 
14.72. Found: C 45.92, H 2.58, N 2.43, Cl 6.58, F 14.47. 
7.6.9 Preparation of [Pd2Br2(NCMe)2(µ-2-C6F4PPh2)2] (12) 
The title compound was made from 2 (100 mg, 0.1 mmol) by the same procedure as 
described for 11 above (95 mg, 88%).  1H NMR: δ 0.58 (s, 6H, MeCN), δ 6.7-8.1 (m, 20H, 
aromatics). 31P NMR: δ 27.5 (br. s). ESI-MS (m/z): 1121 [M]+. IR (ν, cm-1): 2299 cm-1 
(C≡N str.). Anal. Calcd. for C40H26Br2F8N2P2Pd2: C 42.85, H 2.34, N 2.50, Br 14.25, F 
13.56. Found: C 42.25, H 2.31, N 2.02, Br 14.26, F 13.52. 
7.6.10 Preparation of [Pd(acac)(κ2-2-C6F4PPh2)] (14) 
To a dark yellow solution of 2 (100 mg, 0.1 mmol) in CH2Cl2 (15 mL) was added 
[Na(acac)] (50 mg, 0.3 mmol). The solution became turbid and, after stirring for 30 min, 
the suspension was filtered through Celite to give a pale yellow solution. Hexane was 
added and the solution was evaporated under reduced pressure to precipitate the product as 
a pale yellow solid which was isolated by filtration, washed with hexane and dried in 
vacuo (81 mg, 84%).  1H NMR (CDCl3): δ 2.01 (s, 3H, Me), 2.12 (s, 3H, Me), 5.45 (s, 1H, 
CH of acac), 7.4-7.9 (m, 10H, aromatics). 31P NMR (C6D6): δ -71.9 (br. s). EI-MS (m/z): 
538 [M]+. IR (ν, cm-1): 1517 (C=O str.) and 1579 (C=C str.). Anal. Calcd for 
C23H17F4O2PPd: C 51.28, H 3.18, F 14.11. Found: C 51.11, H 3.30, F 13.80. 
7.6.11 Preparation of [Pd2(acac)2(µ-2-C6F4PPh2)2] (15) 
A solution of 14 (100 mg, 0.19 mmol) in a 1:1 mixture of dichloromethane and methanol 
(20 mL) was stirred at room temperature for 2 d. The solvents were evaporated under 
reduced pressure and the residue was extracted with CH2Cl2. Filtration of the suspension 
through Celite and evaporation of the filtrate gave 15 (154 mg, 75%).  1H NMR (CDCl3): δ 
1.61 (s, 6H, Me), 1.74 (s, 6H, Me), 5.07 (s, 2H, CH of acac), 7.3-8.1 (m, 20H, aromatics). 
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31P NMR: δ 24.5 (br. s). IR (ν, cm-1): 1517 (C=O str.) and 1579 (C=C str.). Anal. Calcd for 
C46H34F8O4P2Pd2: C 51.28, H 3.18, F 14.11. Found: C 50.99, H 3.06, F 14.14. 
7.6.12 Preparation of [PdBr(κ2-2-C6F4PPh2)(PPh3)] (23) 
A solution of 2 (180 mg, 0.17 mmol) in CH2Cl2 (5 mL) was treated with PPh3 (91 mg, 0.34 
mmol) at room temperature. Hexane was immediately added and the volume of the yellow 
solution was reduced in vacuo. The precipitated pale yellow solid was isolated by 
filtration, washed with hexane and dried in vacuo (264 mg, 97%). The trans:cis ratio was 
generally ca. 9:1, but varied between preparations.  1H NMR (CDCl3): δ 5.3 (s, 2H, 
CH2Cl2), 7.1-8.2 (m, 25H, aromatics). 31P NMR: δ -84.0 (d, J = 490 Hz), 29.3 (dd, J = 489, 
8.0 Hz), -75.2 (br. s), 17.1 (d, J = 14.0 Hz). ESI-MS (m/z): 783 [M+H]+. Anal. Calcd. for 
C36H25BrF4P2Pd⋅0.3CH2Cl2: C 54.00, H 3.20, Br 9.90, Cl 2.63, F 9.41. Found: C 54.70, H 
3.03, Br 9.46, Cl 2.92, F 9.58.  
7.6.13 Preparation of [PdBr(κ2-2-C6F4PPh2)(PCy3)] (24) 
To an orange solution of 2 (100 mg, 0.1 mmol) in CH2Cl2 (10 mL) was added PCy3 (55 
mg, 0.2 mmol). After 5 min, hexane was added and the solution was evaporated under 
reduced pressure. The very pale yellow solid that precipitated was isolated similarly to 23 
(75 mg, 80%).  The trans:cis ratio was ca. 9:1, but varied between preparations.  1H NMR: 
δ 1.2-1.4, 1.5-1.9, 2.0-2.4, 2.8-3.1 (m, 33H, Cy), 7.1-7.4 and 8.2-8.5 (m, 10H, aromatics). 
31P NMR: δ -86.7 (d, J = 462 Hz), 37.9 (d, J = 462 Hz), -73.1 (br. s), 26.7 (d, J = 14.8 Hz). 
Anal. Calcd. for C36H43BrF4P2Pd: C 54.05, H 5.42, Br 9.99. Found: C 53.85, H 5.42, Br 
9.83.   
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7.6.14 Preparation of [PdBr(κC-2-C6F4PPh2)(PPh3)2] (25) 
To a yellow solution of 23 (100 mg, 0.13 mmol) in CH2Cl2 (15 mL) was added PPh3 (33.5 
mg, 0.13 mmol). The solution was stirred for 30 min at room temperature. The volume of 
the solution was partially evaporated under reduced pressure and hexane was added to 
precipitate 25 (116 mg, 87%).  1H NMR: δ 6.8-8.0 (m, 40 H, aromatics). 31P NMR: δ -3.7 
(br. s), 20.7 (s). ESI-MS (m/z): 1043 [M-H]+. Anal. Calcd. for C54H40BrF4P3Pd: C 62.12, H 
3.86, Br 7.65, F 7.28. Found: C 62.54, H 3.90, Br 7.48, F 6.88. 
 
7.7 Preparation of palladium complexes containing the 2-C6H4PPh2 
fragment 
7.7.1 Preparation of [Pd2(acac)2(µ-2-C6H4PPh2)2] (16) 
To a suspension of [Pd4(µ-Br)4(µ-2-C6H4PPh2)4]6 (250 mg, 0.14 mmol) in CH2Cl2 (75 mL) 
and THF (15 mL) was added AgBF4 (130 mg, ~0.565 mmol). The yellow suspension was 
stirred for 5 hours at room temperature protected from the light. The suspension was 
filtered through Celite and [Na(acac)] (68 mg, 0.56 mmol) was added to the filtrate.  The 
resulting suspension was stirred overnight after which time the solution was evaporated to 
dryness.  CH2Cl2 was added to the residue and the suspension was filtered through Celite.  
The filtrate was partially evaporated under reduced pressure, to which the addition of 
hexane gave a microcrystalline yellow solid. Pale yellow 16, was isolated by filtration, 
washed with hexane and dried in vacuo (209 mg, 80%).  1H NMR: δ 1.25 (s, 6H, Me), 1.55 
(s, 6H, Me), 4.87 (s, 2H, CH of acac), 6.65-7.74 (m, 28 H, aromatics). 31P NMR (CDCl3): δ 
26.21 (s). ESI-MS (m/z): 935 [M+H]+. Anal. Calcd. for C46H42O4P2Pd2: C 59.18, H 4.53. 
Found: C 57.90, H 4.52.  
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7.7.2 Preparation of [Pd2(hfacac)2(µ-2-C6H4PPh2)2] (17) 
This complex was prepared as above with [Na(hfacac)].  
31P NMR (CDCl3): δ 20.01 (s). Anal. Calcd. for C46F12H30O4P2Pd2: C 48.07, H 2.63, F 
19.83, Found: C 48.24, H 2.80, F 19.62. 
 
7.8 Preparation of palladium complexes containing FcPPh2 ligand 
with 2-C6H4PPh2 or 2-C6F4PPh2 fragment 
7.8.1 Preparation of [PdBr(FcPPh2)(κ2-2-C6H4PPh2)] (18) 
To a yellow suspension of [Pd4(µ-Br)4(µ-2-C6H4PPh2)4] (192 mg, 0.107 mmol) in CH2Cl2 
(45 mL) was added solid FcPPh2 (160 mg, 0.43 mmol). The mixture was stirred for 72 h, 
during which time the solid dissolved and a clear dark orange solution was obtained. The 
solvent was removed in vacuo and the residue was recrystallised from CH2Cl2/hexane to 
give an orange-yellow solid (0.28 g, 80%).  
 
1H NMR (C6D6): δ 4.03 (m, 2H, ferrocenyl), 4.42 (s, 5H, ferrocenyl), 4.53 (m, 2H, 
ferrocenyl) (trans-isomer); 4.06 (m, 2H, ferrocenyl), 4.28 (s, 5H, ferrocenyl), 4.79 (m, 2H, 
ferrocenyl) (cis-isomer); 6.5–7.6 (m, 17H, aromatics), 7.80 (m, 4H, aromatics), 8.25 (m, 
3H, aromatics). 31P NMR: δ -88.5 (d, J=485 Hz), 17.9 (d, J=485 Hz) (trans-isomer); -81.8 
(d, J=14.4 Hz), 7.5 (d, J=14.2) (cis-isomer); cis/trans ratio: ca. 5:95. Raman (cm-1): 219 
(Pd-Br str.). ESI-MS (m/z): 737 [M-Br]+. Found: C 58.80, H 4.08, Br 9.93. Calcd for 
C40H33BrFeP2Pd: C 58.75, H 4.07, Br 9.77. 
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7.8.2 Preparation of [PdI(FcPPh2)(κ2-2-C6H4PPh2)] (19) 
To an orange solution of [PdBr(FcPPh2)(κ2-2-C6H4PPh2)] (18) (180 mg, 0.2 mmol) in 
CH2Cl2 (15 mL) was added a solution of NaI (0.083 mg, 0.5 mmol) in acetone (15 mL). 
After stirring for 30 minutes, the solvent was removed in vacuo and the residue dissolved 
in CH2Cl2 (10 mL). The suspension was filtered through Celite to give a clear dark orange 
solution. Hexane was added to the filtrate and the volume was reduced to precipitate out a 
dark orange solid which was isolated by filtration, washed with hexane and dried in vacuo 
to give the title complex as a cis/trans mixture (0.160 g, 84%).  1HNMR (C6D6): δ 4.02 (m, 
2H, ferrocenyl), 4.37 (s, 5H, ferrocenyl), 4.54 (m, 2H, ferrocenyl) (trans-isomer); 4.04 (m, 
2H, ferrocenyl), 4.29 (s, 5H, ferrocenyl), 4.78 (m, 2H, ferrocenyl) (cis-isomer); 6.6–7.5 (m, 
17H, aromatics), 7.80 (m, 4H, aromatics), 8.23 (m, 3H, aromatics).  31P NMR: δ -93.0 (d, 
J=484 Hz), 19.3 (d, J=484 Hz) (trans-isomer); -91.5 (d, J=12.9 Hz), 7.3 (d, J=12.9) (cis-
isomer); cis/trans ratio: ca. 10:90. ESI-MS (m/z): 737 [M-I]+. Anal. Calcd. for 
C40H33FeIP2Pd: C 55.56, H 3.85, I 14.67. Found: C 56.04, H 3.73, I 14.67. 
 
7.8.3 Preparation of [PdBr(FcPPh2)(κ2-2-C6F4PPh2)] (20) 
To a solution of [Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] (2) (200 mg, 0.19 mmol) in CH2Cl2 (15 mL) 
was added solid FcPPh2 (143 mg, 0.39 mmol). The yellow colour immediately darkened to 
reddish-orange. The solution was stirred for 30 minutes, after which time the solvent 
volume was reduced in vacuo. Hexane was added and the volume was further reduced to 
precipitate out an orange solid which was isolated by filtration, washed with hexane and 
dried in vacuo to give the title complex as a mixture of cis/trans isomers (0.25 g, 73%). 
cis:trans ratio 10:90, as shown by 31P NMR spectroscopy.  1H NMR: δ 4.1 (m, 2H, 
ferrocenyl), 4.5 (s, 5H, ferrocenyl), 4.7 (m, 2H, ferrocenyl), 7.5-6.7 (m, 13H, aromatics), 
7.9 (m, 4H, aromatics), 8.3 (m, 3H, aromatics). 31P NMR: δ 18.1 (d, J = 510 Hz), -84.1 (d, 
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J = 510Hz) (trans-isomer); 11.1 (d, J = 12 Hz), -74.9 (d, J = 12 Hz) (cis-isomer); cis/trans 
ratio: ca. 10:90.  19F NMR: δ -117.7. (m), -134.2 (m), -147.9 (m), -157.5 (m) (trans-
isomer), -121.8 (m), -138.1 (m), -147.9 (m), -157.8 (m) (cis-isomer). Raman (cm-1): 214 
(Pd-Br str.). ESI-MS (m/z): 809 [M-Br]+. Anal. Calcd. for C40H29BrFeF4P2Pd: C 54.00, H 
3.29, Br 8.98, F 8.54. Found: C 54.38, H 3.85, Br 9.52, F 8.21.  
 
7.8.4 Preparation of [PdI(FcPPh2)(κ2-2-C6F4PPh2)] (21) 
To an orange solution of [PdBr(FcPPh2)(κ2-2-C6H4PPh2)] (180 mg, 0.2 mmol) in CH2Cl2 
(15 mL) was added a solution of NaI (0.075 mg, 0.5 mmol) in acetone (15 mL). After 
stirring for 30 minutes, the solvent was removed in vacuo and the residue was dissolved in 
CH2Cl2 (10 mL). The suspension was filtered through Celite to give a clear dark orange 
solution. Hexane was added to the filtrate and the volume was reduced in vacuo to 
precipitate out a dark orange solid. This solid was isolated by filtration, washed with 
hexane and dried in vacuo to give the title complex as a cis/trans mixture (0.15 g, 79%)  1H 
NMR: δ 4.2 (m, 2H, ferrocenyl), 4.5 (s, 5H, ferrocenyl) , 4.6 (m, 2H, ferrocenyl) , 7.6-6.8 
(m, 13H, aromatics) , 8.0 (m, 4H, aromatics), 8.4 (m, 3H, aromatics).  31P NMR: δ 18.4 (d, 
J = 509 Hz), -89.3 (d, J = 509 Hz) (trans isomer); 10.5 (d, J = 14 Hz), -83 (d, J = 14 Hz) 
(cis isomer); cis/trans ratio: ca. 15:85. 19F NMR: δ -117.2. (m), -134.6 (m), -148.2 (m), -
157.6 (m) (trans isomer), -115.8 (m), -138.1 (m), -147.5 (m), -157.5 (m) (cis isomer). ESI-
MS (m/z): 809 [M-I]+. Anal. Calcd. for C40H29F4FeIP2Pd: C 51.29, H 3.12, F 8.11, I 13.55. 
Found: C 51.78, H 3.05, F 7.36, I 13.76. 
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7.9 Catalysis 
7.9.1 General procedure for the Heck reaction 
In a typical procedure, a mixture of an aryl iodide such as iodobenzene (2 mmol), an 
alkene such as styrene (2.2 mmol), NaOAc (6 mmol), dimethylformamide (5 mL) and 
palladium complex (1.5 mol%) were stirred under a nitrogen atmosphere at 130°C. After 
the completion of the reaction, as judged by GC, the catalyst was separated by filtration 
through a short Celite bed. The solution was washed with water and the product was 
extracted with ethyl acetate (3×10 mL) followed by drying over. The combined organic 
phases were dried with anhydrous Na2SO4 and concentrated under reduced pressure to give 
the crude product, which was purified by column chromatography [silica gel, using 
hexane/ethyl acetate mixture (9:1)] to give the coupled product.  A typical example such as 
stilbene gave a yield of 85% (395 mg). 
 
Spectroscopic characterisation of some representative compounds: 
Trans-stilbene: 
1H NMR (CDCl3): δ 7.52 (d, J = 7.55 Hz, 4H), 7.36 (t, J = 7.55 Hz, 4H), 7.30-7.21 (m, 
2H), 7.11 (s, 2H); EI-MS (m/z): 180 [M]+. 
 
Ethyl trans-cinnamate: 
1H NMR (CDCl3): δ 7.64 (d, J = 16.16 Hz, 1H), 7.53-7.44 (m, 2H), 7.39-7.30 (m, 3H), 
6.38 (d, J = 16.16 Hz, 1H), 4.24 (q, J = 7.35 Hz, 2H), 1.33 (t, J = 7.35 Hz, 3H); EI-MS 
(m/z): 176 [M]+. 
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4-Methoxy-trans-stilbene: 
1H NMR (CDCl3): δ 7.55-7.13 (m, 7H), 6.98 (d, J = 8 Hz, 2H), 6.85 (d, J = 8.4 Hz, 2H), 
3.83 (s, 3H); EI-MS (m/z): 210 [M]+; Anal. Calcd. For C15H14O: C 85.68, H 6.71. Found: C 
85.61, H 6.74. 
 
4-Methyl-trans-stilbene: 
1H NMR (CDCl3): δ 6.92-7.57 (m, 11H), 2.38 (s, 3H); EI-MS (m/z): 194 [M]+; Anal. 
Calcd. For C15H14: C 92.74, H 7.26. Found: C 92.68, H 7.32. 
 
7.9.2 General procedure for the Sonogashira reaction 
Reactions need not be performed under an inert atmosphere. In a typical procedure, 
haloarene (0.5 mmol), phenylacetylene (0.6 mol), Et3N (2 mL), CuI (3 mol% whereever 
mentioned), palladium complex (1.5 or 5 mol %) and Bu4NBr (0.46 mmol) were refluxed 
at 50 °C and the reaction was monitored by TLC and GC. After completion of the reaction, 
the mixture was washed with water and the organic phase was dried (Na2SO4). Filtration 
and evaporation gave the crude product which was purified by column chromatography 
(silica gel, hexane) to give the coupled product in ca. 85% yield. 
 
Spectroscopic characterisation of some representative compounds: 
Diphenylacetylene: 
1H NMR (CDCl3): δ 7.58-7.51 (m, 4H), 7.30-7.26 (m, 6H); EI-MS (m/z): 178 [M]+.  
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4-Methyldiphenylacetylene: 
 
1H NMR (CDCl3): δ 7.5 (m, 2H), 7.4 (m, 2H), 7.3 (m, 3H), 7.1 (m, 2H), 2.39 (s, 3H); EI-
MS (m/z): 192 [M]+. 
 
2-Methyldiphenylacetylene: 
1H NMR (CDCl3): δ 7.45 (m, 3H), 7.35 (m, 3H), 7.1 (m, 3H), 2.45 (s, 3H); EI-MS (m/z): 
192 [M]+. 
 
Trimethylsilylphenylacetylene: 
1H NMR (CDCl3): δ 7.25 (m, 2H), 7.1 (m, 3H), 0.1 (s, 9H); EI-MS (m/z): 174 [M]+. 
 
7.9.3 General procedure for the Suzuki reaction 
In an oven dried 10 mL round bottom flask, aryl halide (1 mmol), phenylboronic acid (1.5 
mmol), K3PO4 (2 mmol), palladium complex (3.0 mol %), and dimethylacetamide (2 mL) 
were heated to 130oC and the reaction was monitored by TLC. After completion of the 
reaction the catalyst was removed by filtration. The filtrate was diluted with ethyl acetate 
and washed sequentially with water and saturated aqueous NaCl solution. The organic 
layer was separated, dried (Na2SO4) and concentrated under reduced pressure to give the 
crude product. The crude material was chromatographed on silica gel using hexane/ethyl 
acetate (10:1) as an eluent to afford the pure product.  
 
Spectroscopic characterisation of some representative compounds: 
4-Nitrobiphenyl: 
 1H NMR (CDCl3): δ 8.31 (d, J = 8.9 Hz, 2H), 7.73 (d, J = 8.9 Hz, 2H), 7.65-7.55 (m, 2H), 
7.54-7.38 (m, 3H); EI-MS (m/z): 199 [M]+. 
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Biphenyl: 
1H NMR (CDCl3): δ 7.53 (d, J = 8.3 Hz, 4H), 7.37 (t, J = 8.3 Hz, 4H), 7.28 (t, 2H, J = 7.55 
Hz); EI-MS (m/z): 154 [M]+.  
 
4-Methoxybiphenyl:  
1H NMR (CDCl3): δ 7.57-7.44 (m, 4H), 7.42-7.32 (m, 2H), 7.30-7.23 (m, 1H), 6.92 (d, J = 
8.9 Hz, 2H), 3.84 (s, 3H); EI-MS (m/z): 184 [M]+.  
 
4-Methylbiphenyl: 
1H NMR (CDCl3): δ 7.51 (d, J = 7.55 Hz, 2H), 7.46-7.21 (m, 5H), 7.19 (d, J = 7.55 Hz, 
2H), 2.38 (s, 3H); EI-MS (m/z): 168 [M]+.  
 
4-Fluorobiphenyl: 
 1H NMR (CDCl3): δ 7.56-7.45 (m, 4H), 7.43 -7.34 (m, 2H), 7.33-7.23 (m, 1H), 7.15-7.04 
(m, 2H); EI-MS (m/z): 172 [M]+; Anal. Calcd. For C12H9F: C 83.70, H 5.27; Found: C 
83.62, H 5.31. 
 
2-Methylbiphenyl: 
 1H NMR (CDCl3): δ 7.41-7.32 (m, 2H), 7.31-7.24 (m, 3H), 7.21-7.10 (m, 4H), 2.26 (s, 
3H); EI-MS (m/z): 168 [M]+.  
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Appendices 
Appendix 1 
Metrical parameters for the orthorhombic modification of [Pd2(µ-OAc)2(µ-2-C6F4PPh2)2] (5) 
 
Figure A1.1. Molecular structure of [Pd2(µ-OAc)2(µ-2-C6F4PPh2)2]. Ellipsoids show 50% 
probability levels. Hydrogen atoms have been omitted for clarity and the phenyl rings of the 
PPh2 groups only show the ipso carbons. 
 
Table A1.1. Selected bond distances (Å) and angles (°) in [Pd2(µ-OAc)2(µ-2-C6F4PPh2)2]. 
Pd(1)–Pd(2) 2.6896(4)  
 
Pd(1)–O(1)  2.115(3) Pd(2)–O(2)  2.083(3) 
Pd(1)–O(3) 2.095(3) Pd(2)–O(4)  2.122(3) 
Pd(1)–P(1) 2.2419(11) Pd(2)–C(6)  1.998(4) 
Pd(1)–C(24) 1.993(5) Pd(2)–P(2) 2.2286(11) 
    O(3)–Pd(1)–P(1) 93.29(9) P(2)–Pd(2)–O(2)   92.70 (9) 
C(24)–Pd(1)–O(1)  91.94(15) C(6)–Pd(2)–O(4)  92.02(15) 
O(3)–Pd(1)–O(1)  87.49(12) O(2)–Pd(2)–O(4) 87.88(12) 
C(24)–Pd(1)–P(1)  87.10(12) C(6)–Pd(2)–P(2)   87.23(12) 
O(1)–Pd(1)–P(1)  172.70(9) O(4)–Pd(2)–P(2)   173.15(10) 
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Appendix 2 
 
Metrical parameters for the monoclinic P21/n modification of [Pd2Br2MeCN)2(µ-2-C6F4PPh2)2] (12) 
 
Figure A2.1. Molecular structure of [Pd2Br2MeCN)2(µ-2-C6F4PPh2)2] (12). 
Acetonitrile solvate. Hydrogen atoms have been omitted for clarity. 
 
Table A2.1. Selected bond distances (Å) and angles (°) in [Pd2Br2(MeCN)2(µ-2-
C6F4PPh2)2] (12). Acetonitrile solvate. 
Pd(1)–Pd(2)  2.9929(4)  
 
Pd(1)–P(1) 2.2714(10) Pd(1)–N(1) 2.088(3) 
Pd(1)–C(26) 1.987(4) Pd(1)–Br(1)  2.4889(5) 
Pd(2)–N(2) 2.084(3) Pd(2)–C(6)  1.993(4) 
Pd(2)–P(2) 2.2807(10) N(1)–C(19) 1.123(5) 
Pd(2)–Br(2)  2.4770(5) N(2)–C(39) 1.128(5) 
    N(1)–Pd(1)–P(1) 94.14(9) C(26)–Pd(1)–P(1)  88.64(10) 
N(1)–Pd(1)–Br(1) 91.02(9) C(26)–Pd(1)–Br(1)  86.39(10) 
N(2)–Pd(2)–P(2) 93.60(10) C(6)–Pd(2)–Br(2) 86.24(11) 
C(6)–Pd(2)–P(2) 90.03(11) P(1)–Pd(1)–Br(1) 170.58(3) 
N(2)–Pd(2)–Br(2) 90.30(9) P(2)–Pd(2)–Br(2) 172.07(3) 
C(6)–Pd(2)–N(2) 176.19(14) Pd(2)–N(2)–C(39) 170.3(4) 
C(26)–Pd(1)–N(1) 176.96(13) Pd(1)–N(1)–C(19) 172.0(4) 
208 
Appendix 3 
 
Graphs of Pd-P and Pd-C bond lengths (Å) for the complexes listed in Table 2.12 sorted in order of 
various parameters.  The labels C and B refer to the chelating and bridging modes of coordination of 
the 2-C6X4PPh2 ligand (X= H, F), respectively. Wherever mentioned, protio refers to the 2-C6H4PPh2 
group. 
 
Figure A3.1. Pd-P bond lengths (Å) sorted by whether the ligand is bridging or chelating. 
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Figure A3.2. Pd-C bond lengths (Å) sorted by whether the ligand is bridging or chelating. 
15
, 
B
, 
ac
ac
16
, 
B
, 
pr
o
tio
, 
ac
ac
 
5,
 
B
, 
O
A
c
17
, 
B
, 
pr
o
tio
, 
hf
ac
ac
15
, 
B
, 
ac
a
c
17
, 
B
, 
pr
o
tio
, 
hf
a
ca
c
 
9,
 
B
, 
br
id
gi
n
g 
I
12
, 
B
, 
B
r
11
, 
B
, 
C
l
 
7,
 
B
, 
SC
N
13
, 
B
, 
I
 
7,
 
B
, 
SC
N 10
, 
B
, 
2-
C
₆
F₄
PP
h₂
 
(C
)
 
4,
 
C
, 
O
B
z
 
2,
 
C
, 
br
id
gi
n
g 
B
r
 
2,
 
C
, 
br
id
gi
n
g 
B
r
 
4,
 
C
, 
OB
z
14
, 
C
, 
a
ca
c
 
3,
 
C,
 
O
A
c
14
, 
C
, 
ac
ac
 
3,
 
C
, 
O
A
c
 
7,
 
C
, 
SC
N
 
6,
 
C,
 
SC
N
10
, 
C
, 
br
id
gi
n
g 
I
 
7,
 
C
, 
SC
N 1
8,
 
C
, 
pr
o
tio
, 
PP
h₂
Fc
23
, 
C
, 
PP
h₃
2.20
2.25
2.30
2.35
2.40
2.45
Pd
-
P 
Bo
n
d 
Le
n
gt
h 
(Å
)
209 
 
Figure A3.3. Pd-P bond lengths (Å) grouped by donor atom type. 
 
 
Figure A3.4. Pd-C bond lengths (Å) grouped by donor atom type. 
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Figure A3.5. Pd-P bond lengths (Å) sorted by increasing Pd-P bond length. 
 
  
Figure A3.6. Pd-C bond lengths (Å) sorted by increasing Pd-C bond length. 
 
 Appendix 4 - Crystal and Refinement Data 
 
Crystal and refinement data for: 2:  [Pd2(µ-Br)2(κ2-2-C6F4PPh2)2] ⋅ CH2Cl2 
    3:  [Pd2(µ-OAc)2(κ2-2-C6F4PPh2)2] ⋅ 0.5C6H6 
    4:  [Pd2(µ-OBz)2(κ2-2-C6F4PPh2)2)] 
Compound 2 3 4 
Formula C37H22Cl2Br2F8P2Pd2 C43H29F8O4P2Pd2 C50H30F8O4P2Pd2 
Fw 1123.99 1036.40 1121.48 
Crystal system Triclinic Monoclinic Triclinic 
Space group 
 
P21/n 
 
Crystal colour, habit Colourless, polyhedron Yellow, polyhedron Yellow, polyhedron 
a ( ) 19.5851(3) 12.35600(10) 11.5541(2) 
b ( ) 20.3668(4) 16.7991(2) 12.2585(2) 
c ( ) 23.0951(4) 19.4832(2) 16.5603(3) 
α (o) 104.9890(10) 90 93.6400(10) 
β (o) 102.5530(10) 105.4670(10) 93.3860(10) 
γ (o) 102.5560(10) 90 110.6550(10) 
V ( 3) 8312.4(3) 3897.66(7) 2181.99(7) 
Z 9 4 2 
Dcalc (g cm-3) 2.021 1.766 1.707 
Crystal dimensions (mm) 0.10 × 0.25 × 0.40 0.18 × 0.18 × 0.24 0.10 × 0.22 × 0.45 
µ (mm-1) 3.437 1.087 0.979 
T (K) 110(2) 90(2) 110(2) 
No. indep reflections  (Rint) 62527 (0.1178) 21221 (0.0649) 20656 (0.0581) 
No. obsd reflections  [I>2σ(I)] 17824 16348 16497 
No. parameters refined 870 532 595 
RFa 0.0490 0.0315 0.0313 
RWa 0.0651 0.0622 0.0723 
GOF 1.33 1.038 1.048 
ρmax/ρmin (e -3) 2/-2 0.675/-0.836 0.925/-1.345 
  a
 Refined on F2 of the observed reflections 
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 Crystal and refinement data for: 5:  [Pd2(µ-OAc)2(µ-2-C6F4PPh2)2] 
    5:  [Pd2(µ-OAc)2(µ-2-C6F4PPh2)2] ⋅ C6H6 
    6:  [Pd2(µ-SCN)2(κ2-2-C6F4PPh2)2] 
Compound 5 5 6 
Formula C40H26F8O4P2Pd2 C46H32F8O4P2Pd2 C38H20F8N2P2Pd2S2 
Fw 997.35 1075.46 995.42 
Crystal system Orthorhombic Monoclinic Monoclinic 
Space group Pna21 C2/c P21/n 
Crystal colour, habit Yellow, prism Yellow, piece Colourless, prism 
a ( ) 19.7970(3) 21.6513(3) 8.2531(3) 
b ( ) 9.95140(10) 9.5972(2) 17.7696(5) 
c ( ) 18.0698(3) 20.2274(3) 12.3228(4) 
α (o) 90 90 90 
β (o) 90 106.1780(10) 93.809(2) 
γ (o) 90 90 90 
V ( 3) 3559.89(9) 4036.65(12) 1803.20(10) 
Z 4 4 2 
Dcalc (g cm-3) 1.861 1.770 1.833 
Crystal dimensions (mm) 0.03 × 0.06 × 0.12 0.16 × 0.22 × 0.24 0.04 × 0.05 × 0.19 
µ (mm-1) 1.186 1.053 1.276 
T (K) 110(2) 90(2) 110(2) 
No. indep reflections  (Rint) 8467 (0.0906) 14016 (0.0508) 4784 (0.0775) 
No. obsd reflections  [I>2σ(I)] 7117 11418 3624 
No. parameters refined 505 280 244 
RFa 0.0383 0.0305 0.0374 
RWa 0.0772 0.0698 0.0740 
GOF 1.051 1.053 1.053 
ρmax/ρmin (e -3) 0.740/-0.991 1.511/-1.571 1.090/-0.868 
   a
 Refined on F2 of the observed reflections 
212
 
 Crystal and refinement data for:   7:  [Pd4(µ-SCN)4(κ2-2-C6F4PPh2)2(µ-2-C6F4PPh2)2] ⋅ 2.5CH2Cl2 
      9:  [Pd4(µ-I)4(µ-2-C6F4PPh2)4] ⋅ 1.68CH2Cl2 
    10:  [(κ2-2-C6F4PPh2)Pd(µ-I)(µ-2-C6F4PPh2)Pd(µ-I)2Pd(µ-I)(µ-2-C6F4-PPh2)Pd(κ2-2-C6F4PPh2)] ⋅ 2CH2Cl2 
Compound 7 9 10 
Formula C78.50H45Cl5F16N4P4Pd4S4 C73.68H43.36Cl3.36F16I4P4Pd4 C74H44Cl4F16I4P4Pd4 
Fw 2203.16 2408.80 2435.97 
Crystal system Triclinic Orthorhombic Triclinic 
Space group 
 
Fddd 
 
Crystal colour, habit Yellow, prism Brown, polyhedron Brown, piece 
a ( ) 13.5687(3) 18.7731(2) 10.0756(3) 
b ( ) 16.0586(3) 22.8802(3) 13.3568(5) 
c ( ) 20.6429(5) 35.4070(4) 16.5002(6) 
α (o) 91.7337(10) 90 83.309(2) 
β (o) 97.6461(10) 90 76.136(2) 
γ (o) 110.4889(10) 90 71.196(2) 
V ( 3) 4161.64(16) 15208.5(3) 2038.94(12) 
Z 2 8 1 
Dcalc (g cm-3) 1.758 2.104 1.984 
Crystal dimensions (mm) 0.20 × 0.25 × 0.35 0.18 × 0.20 × 0.22 0.03 × 0.05 × 0.07 
µ (mm-1) 1.270 2.839 2.669 
T (K) 100(2) 100(2) 100(2) 
No. indep reflections  (Rint) 26517 (0.0633) 7176 (0.0388) 7979 (0.0734) 
No. obsd reflections  [I>2σ(I)] 20150 6256 5566 
No. parameters refined 1098 247 493 
RFa 0.0454 0.0286 0.0495 
RWa 0.1114 0.0688 0.1153 
GOF 1.061 1.023 1.068 
ρmax/ρmin (e -3) 2.239/-1.486 3.040/-1.179 1.844/-1.917 
   a
 Refined on F2 of the observed reflections 
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 Crystal and refinement data for: 11:  [Pd2Cl2(NCMe)2(µ-2-C6F4PPh2)2] ⋅ H2O 
    12:  [Pd2Br2(NCMe)2(µ-2-C6F4PPh2)2] ⋅ C6H6 
    12:  [Pd2Br2(NCMe)2(µ-2-C6F4PPh2)2] ⋅ CH3CN 
    13:  [Pd2I2(NCMe)2(µ-2-C6F4PPh2)2] 
Compound 11 12 12 13 
Formula C40H28Cl2F8N2OP2Pd2 C46H32Br2F8N2P2Pd2 C42H29Br2F8N3P2Pd2 C46H32F8I2N2P2Pd2 
Fw 1050.28 1199.30 1162.24 1293.28 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 
Space group C2/c C2/c P21/n C2/c 
Crystal colour, habit Yellow, piece Yellow, polyhedron Yellow, plate Yellow, polyhedron 
a ( ) 20.0714(4) 19.2331(4) 13.0981(4) 19.3151(4) 
b ( ) 18.9384(5) 17.0626(4) 16.0475(6) 17.0766(3) 
c ( ) 10.4669(2) 14.8104(3) 20.4163(8) 14.9822(3) 
α (o) 90 90 90 90 
β (o) 103.1500(10) 118.1440(10) 101.936(2) 117.376(1) 
γ (o) 90 90 90 90 
V ( 3) 3874.35(15) 4285.62(16) 4198.6(3) 4388.24(15) 
Z 4 4 4 4 
Dcalc (g cm-3) 1.801 1.859 1.839 1.958 
Crystal dimensions (mm) 0.06 × 0.15 × 0.28 0.06 × 0.08 × 0.12 0.07 × 0.16 × 0.33 0.22 × 0.25 x 0.33 
µ (mm-1) 1.224 2.850 2.907 2.370 
T (K) 90(2) 100(2) 110(2) 150(2) 
No. indep reflections  (Rint) 13502 (0.0562) 7433 (0.0850) 12198 (0.0781) 9450 (0.0327) 
No. obsd reflections  [I>2σ(I)] 10375 5589 8652 7984 
No. parameters refined 270 282 541 281 
RFa 0.0339 0.0372 0.0467 0.0234 
RWa 0.0709 0.0832 0.0783 0.0511 
GOF 1.053 1.031 1.042 1.037 
ρmax/ρmin (e -3) 1.696/-1.100 1.091/-1.350 0.848/-1.062 0.547/-0.854 
 a
 Refined on F2 of the observed reflections 
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 Crystal and refinement data for: 14:  [Pd(acac)(κ2-2-C6F4PPh2)] 
    15:  [Pd2(acac)2(µ-2-C6F4PPh2)2] 
    15:  [Pd2(acac)2(µ-2-C6F4PPh2)2] ⋅ C6H14 
    16:  [Pd2(acac)2(µ-2-C6H4PPh2)2] 
Compound 14 15 15 16 
Formula C23H17F4O2PPd C46H34F8O4P2Pd2 C52H48F8O4P2Pd2 C48H46Cl4O4P2Pd2 
Fw 538.74 1077.47 1163.64 1103.43 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 
Space group P21/n P21/n C2/c C2/c 
Crystal colour, habit Yellow, piece Yellow, prism Yellow, piece Yellow, plate 
a ( ) 14.5018(2) 11.5391(2) 16.5901(3) 16.7780(2) 
b ( ) 13.2373(2) 29.6519(7) 25.6576(6) 25.8759(4) 
c ( ) 22.7098(3) 13.1661(3) 11.3881(2) 10.6596(1) 
α (o) 90 90 90 90 
β (o) 108.2370(10) 109.6960(10) 90.3140(10) 91.2423(10) 
γ (o) 90 90 90 90 
V ( 3) 4140.50(10) 4241.30(16) 4847.41(17) 4626.73(10) 
Z 8 4 4 4 
Dcalc (g cm-3) 1.728 1.687 1.594 1.584 
Crystal dimensions (mm) 0.11 × 0.27 × 0.37 0.06 × 0.07 × 0.19 0.12 × 0.13 × 0.17 0.02 × 0.15 × 0.50 
µ (mm-1) 1.027 1.003 0.884 1.121 
T (K) 110(2) 150(2) 110(2) 200 
No. indep reflections  (Rint) 22422 (0.0540) 11260 (0.0522) 7068 (0.0691) 5302 (0.043) 
No. obsd reflections  [I>2σ(I)] 16969 8722 5756 4218 
No. parameters refined 559 588 319 310 
RFa 0.0344 0.0381 0.0332 0.0306 
RWa 0.0719 0.0811 0.0773 0.0810 
GOF 1.058 1.051 1.078 0.9988 
ρmax/ρmin (e -3) 0.718/-0.829 0.942/-0.756 0.893/-0.975 0.89/-1.03 
 a
 Refined on F2 of the observed reflections 
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 Crystal and refinement data for: 17:  [Pd2(µ-hfacac)2(µ-2-C6F4PPh2)2] 
    18:  trans-[PdBr(κ2-2-C6H4PPh2)(PPh2Fc)] 
    20:  cis-[PdBr(κ2-2-C6F4PPh2)(PPh2Fc)] 
    21:  cis-[PdI(κ2-2-C6F4PPh2)(PPh2Fc)] 
Compound 17 18 20 21 
Formula C46H30F12O4P2Pd2 C40H33BrFeP2Pd C40H29BrF4FeP2Pd C40H29F4FeIP2Pd 
Fw 1149.47 817.76 889.73 936.76 
Crystal system Triclinic Orthorhombic Monoclinic Monoclinic 
Space group 
 
Pbca P21/c P21/a 
Crystal colour, habit Yellow, block Orange, block Orange, plate Yellow, rod 
a ( ) 12.5682(2) 10.5519(5) 14.9344(5) 14.9111(7) 
b ( ) 13.5467(2) 17.1919(9) 17.4528(9) 17.6801(8) 
c ( ) 13.8055(2) 36.2298(18) 14.7656(5) 15.0706(6) 
α (o) 87.1082(10) 90 90 90 
β (o) 81.6101(10) 90 115.348(2) 115.165(3) 
γ (o) 70.3534(9) 90 90 90 
V ( 3) 2189.96(6) 6572.3(6) 3478.1(3) 3596.0(3) 
Z 2 8 4 4 
Dcalc (g cm-3) 1.743 1.653 1.699 1.730 
Crystal dimensions (mm) 0.08 × 0.11 × 0.35 0.10 × 0.15 × 0.25 0.02 × 0.07 × 0.10 0.04 × 0.18 × 0.40 
µ (mm-1) 0.990 2.331 2.226 1.900 
T (K) 200 130(2) 150(2) 200 
No. indep reflections  (Rint) 10068 (0.04) 5789 (0.0411) 6742 (0.0770) 6366 (0.123) 
No. obsd reflections  [I>2σ(I)] 6950 5062 4136 3747 
No. parameters refined 617 406 442 443 
RFa 0.0253 0.0383 0.0460 0.0600 
RWa 0.0294 0.0879 0.0711 0.1543 
GOF 1.1001 1.102 0.907 0.9123 
ρmax/ρmin (e -3) 0.37/-0.60 0.721/-0.532 0.561/-0.620 1.56/-1.36 
 a
 Refined on F2 of the observed reflections 
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 Crystal and refinement data for: 22:  [Pd(κ2-2-C6F4PPh2)(µ-I)(µ-2-C6F4PPh2)PdI(PPh2Fc)] 
    23:  trans-[PdBr(κ2-2-C6F4PPh2)(PPh3)] 
    25:  trans-[PdBr(κC-2-C6F4PPh2)(PPh3)2] 
    2-Me3SnC6F4PPh2 
Compound 22 23 25 2-Me3SnC6F4PPh2 
Formula C58H39F8FeI2P3Pd2 C36H25BrF4P2Pd C54H40BrF4P3Pd C21H19F4PSn 
Fw 1503.31 781.84 1044.08 497.02 
Crystal system Monoclinic Monoclinic Orthorhombic Monoclinic 
Space group P21/c  P21/n Pbcn P21/c 
Crystal colour, habit Red, block Yellow, plate Colourless, polyhedron Colourless, piece 
a ( ) 14.185(2) 9.9090(1) 34.8898(6) 7.77210(10) 
b ( ) 19.347(2) 14.4677(1) 12.6979(2) 27.0559(4) 
c ( ) 20.540(2) 21.3719(2) 20.4723(4) 19.2390(3) 
α (o) 90 90 90 90 
β (o) 99.952(5) 94.5475(6) 90 95.1720(10) 
γ (o) 90 90 90 90 
V ( 3) 5552.1(11) 3054.24(5) 9069.8(3) 4029.13(10) 
Z 4 4 8 8 
Dcalc (g cm-3) 1.798 1.700 1.529 1.639 
Crystal dimensions (mm) 0.11 × 0.15 × 0.30 0.03 × 0.19 × 0.22 0.08 × 0.14 × 0.20 0.27 × 0.32 × 0.40 
µ (mm-1) 2.162 2.071 1.450 1.386 
T (K) 200 200 110(2) 110(2) 
No. indep reflections  (Rint) 7626 (0.21) 8939 (0.039) 15726 (0.0704) 21885 (0.0651) 
No. obsd reflections  [I>2σ(I)] 2157 7630 11026 15731 
No. parameters refined 263 397 580 487 
RFa 0.1045 0.0279 0.0401 0.0352 
RWa 0.0932 0.0632 0.0724 0.0653 
GOF 1.0894 0.9814 1.019 1.037 
ρmax/ρmin (e -3) 1.82/-1.08 0.70/-0.97 0.654/-0.941 0.629/-0.776 
 a
 Refined on F2 of the observed reflections 
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Appendix 5 
 
Cyclic voltammogram of a 1.0 mM solution of 2-BrC6F4PPh2 in dichloromethane (0.1 M Bu4NPF6) at 
21 ± 1 ºC. Scan rate: 100 mV/s. 
 
 
 
